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Introduct ion 

There i s  no doubt that the hydrogen-oqgen c e l l  possesses 
a number of important c h a r a c t e r i s t i c s  which have made it much e a s i e r  
t o  develop i n t o  p r a c t i c a l  u n i t s  capable of generating a useful amount 
of power, compared w i t h  hydrocarbon-air c e l l s .  It is perhaps worth- 
while b r i e f l y  t o  r ecap i tu l a t e  these cha rac t e r i s t i c s ,  and this w i l l  
make p l a in  the reasons for the  choice of the  p a r t i c u l a r  system which 
was developed at Cambridge, England. 

electrochemically much more e a s i l y  than any hydrocarbon f u e l ;  t h i s  
of course makes electrode design much eas ie r .  

possible t o  use a n  a lka l ine  e lec t ro ly te ,  which has obvious advantages 
i n  the lower cost  of mater ia ls  which can be employed f o r  the 
electrodes,  current c o l l e c t o r s  and other c e l l  par t s .  

Thirdly, the use of pure gases means that an unvented 
system i s  possible, and this eliminates the add i t iona l  problems 
which have t o  be faced when an i n e r t  d i luent ,  such as GO2 i n  a 
reformed hydrocarbon fue l ,  have t o  be vented from the system at 
the co r rec t  rate under a l l  load conditions; this would seem t o  
present qu i te  an i n t r i c a t e  con t ro l  problem, i f '  undue waste of f u e l  
i s  t o  be avoided. Moreover, groups of c e l l s  would presumably have 
t o  be f ed  i n  s e r i e s  wi th  the f u e l  gases, each group having i t s  
own control  valve; i t  would c l e a r l y  be too complicated t o  have a 
monitoring device on each c e l l  t o  regulate  the  gas f l o w  individual ly .  
Some of these arguments would a l s o  apply i f  a i r  i s  used instead of 
pure oqgen;and i n  addition, control  of the rate of  water removal 
from the vented system may be d i f f i c u l t  under conditions of varying 
air temperature and humidity. This i s  i n  contrast  t o  the hydrogen- 
oxygen system, i n  which the only react ion product i s  steam which 
can e a s i l y  be separated from the hydrogen i n  a simple air-cooled 
condenser, provided that the operating temperature of the c e l l s  i s  
somewhat above ambient; p a r a l l e l  f l o w  of hydrogen through a l l  the 
c e l l s  i n  a ba t t e ry  can be used without d i f f i c u l t y ,  and s m a l l  in- 
e q u a l i t i e s  of f l c w  through individual  c e l l s  a r e  of l i t t l e  consequence. 
Besides this, the higher partial pressures of the react ing gases, 
using pure hydrogen and oxygen, lead t o  a higher c e l l  performance 
and a higher l imi t ing  current.  

F i r s t  of a l l ,  i t  i s  w e l l  hown that hydrogen r e a c t s  

Secondly, t h e  use of pure hydrogen and oxygen makes i t  

It m u s t  be admitted that even w i t h  very pure gases, 
occasional venting of the system t o  atmosphere i s  usual ly  necessary, 
owing t o  the gradual build-up of i n e r t  d i luents ;  but this, i n  our 
experience at Cambridge, need only be done very occasionally, 
especial ly  i f  e l e c t r o l y t i c  gases a r e  used, and can e a s i l y  be done 
by hand. 
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Fourthly, there i s  t h e  poss ib i l i t y  of operat ing the ba t te ry  
a t  considerably e leva ted  pressures.  T k i s  has the advantage of reducing 
ac t iva t i cn  pc l a r i za t ion  of the  electrodes and so y ie ld ing  possible  
savings i n  weight, bulk and electrode cost .  The use of e levated 
pressures a l so  makes i t  possible  t o  operate with an increased partial  
pressure of  water vapour and hence a higher e l ec t ro ly t e  conductivity 
and a more compact ccndenser. It i s  r e l a t ive ly  simple t o  supply 
pure hydrogen and oxygen a t  e levated pressure, but,  with a hydro- 
carbon-air ce l l ,  t he re  would be complications and a heavy p a r a s i t i c  
load due t o  the compressors. 

be made s e l f - s t a r t i n g  frcm cold; th i s  w a s  not  a feature of the c e l l s  
developed at Cambridge, where the  decis ion had been taken t o  operate 
a t  t he  highest  p rac t icable  temperature so as t o  minimize the problems 
associated with e lec t rode  a c t i v i t y .  However, o ther  workers have 
demonstrated hydrogen-oxygen c e l l s  w i t h  lower temperatures of operation, 
which w i l l  s t a r t  from cold though r e l a t ive ly  cheap ca t a lys t s  a r e  used; 
a l t e rna t ive ly ,  very small  amcunts of precious metal ca t a lys t s  may be 
emplcyed with E G C d  results i n  tkis respect ;  i t  i s  assumed that one of  
the many nev t y p e s  cf electrode, which depend on a degree of semi- 
wetness i n  the a c t i v e  layers ,  wculd be used. 

I t  should be added that e f f o r t s  were made, qu i te  ea r ly  i n  
the work t o  th ink  i n  terms of a complete working system ra the r  than 
i n  terms cf s ing le  c e l l s ,  or even a ba t t e ry  of c e l l s ;  and before the 
work was clcsed down at Cambridge, a complete working system was 
evolved, including gas admission, and cont ro l  of  temperature, 
e l e c t r c l y t e  concentrat ion and pressure difference across  electrodes,  
under bo th  steady and rapidly varying loads, with a u n i t  of 40 c e l l s  
which wculd develop u p  t o  6 kw of power. (1) 

Personnel 

f i n a n c i a l  reasons, i t  w a s  e s s e n t i a l  t o  break as l i t t l e  f r e s h  ground 
as  possible ,  and the  p r a c t i c a l  experience of b o t h  ba t t e ry  and 
e l ec t ro lyse r  manufacturers was f r e e l y  drawn upon; up till  1941, t he  
authcr wGrked alone, t h e  work being supported by Merz and McLellan, 
the  well-known ccnsul t ing  engineers.  From 1946-51, addi t iona l  he lp  
was given by one part-time consultant,  the  work being done i n  the 
Departments of Col loid Science, and Metallurgy, Cambridge University. 
After this a small team w a s  gradually bu i l t  up i n  the Department of 
Chemical Engineering, Cambridge, the team ccns is t ing  of two chemists, 
cane meta l lurg is t ,  one engineer (author)  and three a s s i s t an t s ,  besides 
LLwc part-time consul tants ,  one being a physicis t  and t h e  other  an 
electrcchernist. This team was unfortunately completely disbanded rfn 
1956 cwing tc l ack  of support. 
by t h e  E l e c t r i c a l  Research Association, w i t h  addi t iona l  help from 
the  Ministry cf Fuel and Power, and the Admiralty. I n  1957, 
another  team was b u i l t  up with the  he lp  cf the  National Research 
Development Ccrpcration, a t  Marshall of Cambridge Ltd., the  t o t a l  
numbers of  the team reaching a m a x i m u m  of fourteen, including one 
chemist, om metallurgist and three  engineers,  besides f i v e  part-time 
consul tants ,  cne being a chemist, one a meta l lurg is t ,  one a control  
engineer and t w G  chemical engineers.  

F i f th ly ,  t he re  i s  the  importai t  f a c t  t h a t  hydrogen c e l l s  can 

As i t  w a s  only possible  t o  employ very small teams, for 

From 1946-56 the work was financed 

Once again the team w a s  completely 



- 3 -  , 

disbanded i n  1961 owing t o  lack of i n d u s t r i a l  support i n  England. 
It should be added that the help given by the consultants was 
invaluable; a l l  were men of wide t h e o r e t i c a l  howledge and much 
p r a c t i c a l  experience, and without their help some ser ious mistakes 
would undoubtedly have been made. 

Further Develoments i n  Hydropen-Oxygen Cel ls  

The author has not ca r r i ed  out any experimental work since 
1961, but i t  has been most i n t e r e s t i n g  t o  watch the  work of others 
during this time, p a r t i c u l a r l y  the wonderful developnents which have 
taken place i n  the United S ta tes .  

and r e l i a b l e  b a t t e r i e s ,  using hydrogen and oxygen, have been produced, 
these b a t t e r i e s  being completely equipped w i t h  controls  which w i l l  
dea l  w i t h  a l l  load conditions including rapidly varying loads; i n  
addi t ion t o  this ,  many a r e  s e l f - s t a r t i n g  from cold. The first cost 
i s  s t i l l  high, but this i s  systematical ly  being reduced. I s  it 
possible that some commercial app l i ca t ion  could now be found f o r  
this type of ce l l ,  apa r t  from space and m i l i t a r y  uses? 

Storage of Gases 

hydrogen-oxygen b a t t e r i e s  f o r  say t r a c t i o n  purposes is, i n  the 
author 's  view, associated w i t h  the storage of the gases, i n  pa r t i cu la r  
the storage of hydrogen; it seems inconceivable that l iqu id  hydrogen 
could ever become a commercial fue l .  It is, therefore,  very important 
t o  watch f o r  any new deve lopen t s  i n  science and engineering which 
could have a bearing on this d i f f i c u l t  problem of hydrogen storage. 
As recent ly  as 1959, the bes t  r a t i o  which could be quoted f o r  weight 
cf hydrogen ca r r i ed  t o  weight of container w a s  1 t o  100; this was 
f o r  nickel-cbome-molybdenum forged steel  cylinders,  w i t h  a working 
pressure of 3,000 p.s . i .  ( 2 ) .  Since that time, considerable d e v e l o p  
ment has taken place i n  the design of gas vessels  and a r a t i o  of 
1 t o  4 3  can be quoted f o r  weight o f  hydrogen t o  weight of s t e e l  w i t h  
a gas pressure of 3,600 p . s . i . ;  a low carbon chrome-molybdenum s t e e l  
i s  used a t  present, and welded construction; these f igu res  refer t o  
spheres, and assume that a l l  the gas can be used, which i s  not 
s t r i c t l y  accurate but which does not introduce a se r ious  e r ror .  
Taking an average voltage of 0 . 8 ~  per c e l l ,  and assuming the  above 

I weight r a t i o  of 1 t o  43  f o r  hydrogen, and assuming a l s o  that oxygen 
i s  ca r r i ed  as w e l l ,  the  weight of  gas vessels  + hydrogen + oxygen 

I comes out a t  about 8.1 lb/kwh. generated; w i t h  hydrogen alone, the 
weight would be 4.7 lb/kwh generated. 

These gas vessels  a r e  not a l l y  used i n  missiles and 
mi l i t a ry  a i r c r a f t ,  but a l s o  i n  c i v i l  a i r c r a f t  where very h igh  
standards of s d e t y  a r e  of course required. Pa r t ly  as a result of 
the American space programme, even f u r t h e r  improvements I n  design 
appear t o  be under way; but i t  seems impossible t o  prophesy when, 
or even whether, r e s i n  f i b r e  g lass  containers w i l l  become a 
p r a c t i c a l  proposit ion f o r  the storage of hydrogen under ordinary 
comerc ia1  conditions. The whole question of ultra N g h  s t r eng th  
mater ia ls  i s  being in t ens ive ly  s tudied i n  many parts of the world ( 3 )  , 
and i t  seems possible that, i n  the future ,  f u r t h e r  reductions i n  the 
weight of gas vessels  w i l l  be achieved. 

The s t age  has now been reached where completely automatic 

The p r inc ipa l  technical  d i f f i c u l t y  preventing t h e  use of 

, 
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Other f a c t o r s  which must be taken i n t o  account are volume, 
ccs t ,  safety and convenience, but i t  i s  not possible t o  go i n t o  these 
closely i n  this shor t  paper. I n  the past ,  it has always been the 
weight which has made gas s torage  r e l a t i v e l y  una t t rac t ive .  

Possible Applications f o r  Hydrogen-Oxygen Ca l l s  

t r a c t i o n  a re  the most promising appl icat ions f o r  f u e l  c e l l s ;  this I 

appl ies  pa r t i cu la r ly  i n  the  case of shor t  range t ransport  i n  ci t ies,  
using public s e rv i ce  vehic les .  
numbers of b a t t e r y  dr iven  de l ivery  vehic les  are used - the numbers 
have now r i sen  t o  over $0,000 - and these are able  t o  compete on 
l eve l  terms w i t h  engine dr iven vans, i n  s p i t e  of the weight and 
high f irst  cost  of the  lead/acid b a t t e r i e s ;  t h i s  i s  bas i ca l ly  
because of the lower cos t  per m i l e  of e l e c t r i c i t y  compared w i t h  
taxed gasoline,  and a l s o  because of the lower maintenance cos ts  of 
ba t t e ry  driven vehic les ,  under the rather spec ia l  s t o p s t a r t  
conditions under which de l ivery  vans have t o  operate) and this i s  
i n  s p i t e  of a much higher  c a p i t a l  cost ,  part of which i s  due t o  
the cos t  of t he  b a t t e r y  i t se l f ,  and part t o  the f a c t  t ha t  mass 
producticn methods cannot be used f o r  the small numbers of vehicles 
produced. It i s  hoped that the  f u e l  c e l l  w i l l  eventually extend the 
f i e l d  of ba t te ry  t r a c t i o n  i n t o  a reas  where the  weight of lead 
batteries precludes the p o s s i b i l i t y  of e l e c t r i c  t rac t ion ,  owing t o  
the fact tha t  a rather higher speed and longer range are required.  

ba t te ry ,  at 80 amp discharge,  has been given as 12.8 kwh.; t h i s  w a s  
f o r  a 20 cwt pay load  de l ive r  vehicle  w i t h  a speed of 15-18 m.p.h. . This capaci t  would requi re  a weight and a range of 25-30 miles (49 
of hydrogen + oxygen + gas vesse ls  of 12.8 x .1 = 104 lb .  Assuming 
that the  weight of modern low temperature low pressure hydrogen-oxygen 
batteries on normal load  i s  about 40 lb./kw., and also assuming that 
a power of 5.3 kw. i s  requi red  on normal load (4), the weight of the 

weight would be 316 lb. 
for a lead t r a c t i o n  ba t t e ry ,  on a 2-3 hour discharge basis, a 
conventional ba t t e ry  would weigh 1,220 lb .  If  these f igu res  can 
indeed be substant ia ted,  i t  would appear that hydrogen-oxygen 
batteries cannot be ruled out  f o r  sho r t  range road t r ac t ion ,  on a 
weight basis ;  i n  f a c t  they appear t o  be more or l e s s  subs tan t ia ted  
by W i l l i a m  T. Reid (5) i n  an  estimate deal ing w i t h  a passenger road 
vehic le  w i t h  a range of 150 miles a t  40 m.p.h. 
extremely d i f f i c u l t  t o  compete on l e v e l  terms w i t h  i n t e r n a l  combustion 
engines, espec ia l ly  if  a long range i s  required between re-fuel l ings;  
but a s i l e n t  fume-free propulsion system would have many a t t r ac t ions  
fcr publ ic  se rv ice  vehic les  i n  c i t i e s ,  where they could e a s i l y  re turn  
each night  t o  a c e n t r a l  r e fue l l i ng  s t a t ion ,  thus avoiding the high 
cost  normally assoc ia ted  w i t h  the  d i s t r ibu t ion  of hydrogen i n  cylinders. 
Reid (5) concludes that running costs ,  using e lec t ro lysers  f o r  gas 
production, would <compare favourably w i t h  gasoline-powered engines, 
even i n  the United S ta t e s ,  and the  comparison should be even b e t t e r  
i n  the  United Kingdom, though the ana lys i s  admittedly ignores the  t a x  
problem. Sc far, b a t t e r y  dr iven vehicles  have been exempt from any 
fcm of fue l  tax i n  the U.K. 

It has always seemed t o  the author that road and r a i l  

I n  the United Kingdom qui te  l a rge  - 

The e f f e c t i v e  capaci ty  of a typ ica l  lead-acid t r a c t i o n  

6 

ba t t e ry  alone would be 212 l b . ;  complete w i t h  gas vessels,  t he  t o t a l  \ Taking an up-to-date f igu re  of 10.5 wh/lb 

It i s  admittedly 

A s  regards the engineering problems 
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associated w i t h  the s torage and t r a n s f e r  of compressed gases, much 
experience w a s  obtained i n  England, before  and during the Second 
World War, i n  the use of compressed coal  gas as a f u e l  f o r  propel l ing 
buses, and no spec ia l  d i f f i c u l t i e s  were encountered (2) .  

Conclusion 

It has f o r  many years  been rea l ized  that there are two 
a l t e rna t ive  appl ica t ions  f o r  f u e l  c e l l s ;  one i s  the t a s k  of producing 
b a t t e r i e s  which w i l l  consume a hydrocarbon fuel  and a i r ;  the other  
concerns the p o s s i b i l i t y  of s t o r i n g  e l e c t r i c a l  energy; the author 
has always been drawn towards the l a t t e r  appl icat ion.  It i s  t r u e  
that  the ove ra l l  e f f ic iency  of the double process i s  not  l i k e l y  a t  
present t o  exceed 50 per cent (6)  and might indeed i n i t i a l l y  be 
somewhat below t h i s  f igu re  (7 ) ;  but i t  i s  hoped that, before  long, 
Scme of the  knowledge acquired by f u e l  c e l l  workers w i l l  be applied 
t o  the process of e l e c t r o l y s i s ;  th is  would e n t a i l  extensive tes ta  f o r  
endurance, i n  view of the present t rouble-free l i f e  of at  least ten  
years, which i s  now expected w i t h  ex i s t ing  designs. Further,. i t  i s  
l i k e l y  that, i n  the foreseeable  future, very cheap off-peak power 
w i l l  become ava i lab le  12 the  United Kingdom; i n  an a r t i c l e  on "Large 
Scale Storage of Energy A. B. H a r t  (8) states that w i t h  nuclear  
s t a t ions  off-peak power may be ava i lab le  f o r  s torage a t  a generating 
C G s t  of 0 .25 penny ( o r  2.9 m i l s )  per kwh, though t h i s  does not mean 
that i t  could be so ld  t o  a consumer a t  this  very low pr ice .  

can be  achieved, it would not be a very b ig  s t e p  t o  des ign  a la rger  
plant  su i t ab le  f o r  propel l ing r a i l c a r s ,  where the problems of weight 
and space a r e  much less severe than w i t h  road t ranspor t ;  many ba t t e ry  
driven r a i l c a r s  are now i n  use i n  Germany, where conditions are 
favowable  for this appl icat ion.  

If p r a c t i c a l  power p lan ts  f o r  shor t  range road t ransport  

Lastly,  i t  i s  hoped that the suggestions contained i n  this  
paper, which may be regarded as very react ionary,  w i l l  not be taken 
as de t rac t ing  i n  any way from the magnificent work which i s  being 
done i n  many pa r t s  of the world on hydrocarbon-air c e l l s ;  but the  l a t t e r  
pro jec t  s t i l l  seems some way from complete fu l f i lment ,  and it would, 
i n  t h e  au thor ' s  opinion, be of immense bene f i t  t o  the whole f u e l  Cel l  
scene if some subs t an t i a l  commercial appl ica t ion  could be found quite 
som,  even i n  a l imi ted  sphere such as the  one suggested. 
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HYDROCARBON-AIR FUEL CELL SYSTEMS 

D r .  Galen R. Frysinger  

Energy Conversion Laboratory 
U. S. Army Engineer Research and Development Laborator ies  

For t  S e l v o i r ,  Vi rg in ia  22060 

INTRODUCTION 

I n  reviewing t h e  s ta te-of- the-ar t  I wish t o  include a l l  hydrocarbon- 
a i r  s y s t e m  conf igura t ions .  This  i s  def ined broadly t o  inc lude  a l l  f u e l  c e l l  
systems which u t i l i z e  a hydrocarbon f u e l  and an a i r  oxidant. The f o u r  v a r i a t i o n s  
which have been under i n v e s t i g a t i o n  a t  t h i s  labora tory  are shown schematical ly  i n  
Figure 1. 

EXTERNAL REFORMER INDIRECT SYSTEM 

The e x t e r n a l  reformer i n d i r e c t  systems are based on t h e  use of s e p a r a t e  
hydrocarbon reformers t o  l i b e r a t e  the  bound hydrogen energy of a l i q u i d  hydro- 
carbon fue l .  
reforming process  has  been of commercial importance f o r  some t i m e .  
however, has emphasis been placed on s i m p l i f i c a t i o n  and minia tur iza t ion  of these 
process  p l a n t s  t o  become compact hydrogen genera tors  f o r  f u e l  c e l l  systems. The 
f i r s t  hydrogen generators  f o r  f u e l  cel l  systems which w e r e  constructed over t h e  
l a s t  few years  using n a t u r a l  gas ,  methanol, o r  JP-4 a s  t h e  f u e l  were q u i t e  bulky 
and heavy because they u t i l i z e d  l a r g e l y  s ta te -of - the-ar t ,  off-the-shelf type 
process  components. These hydrogen genera tors ,  themselves, weighed between 100 
and 200 lbs/KW equivalent  of hydrogen produced. 
Engelhard reformer f a b r i c a t e d  under cont rac t  t o  USAERDL, a s p e c i a l  f u e l  and 
water  pump and a i r  blowers were developed t o  g r e a t l y  reduce t h e  weight and t h e  
e l e c t r i c a l  power consumed by these  a u x i l i a r i e s .  
placed on t h e  design of very l ightweight  systems. 
systems which are s t i l l  a t  t h e  design (Contract DA-44-009-AEiC-967(T) with P r a t t  
and Whitney A i r c r a f t )  or very e a r l y  development s tage ,  i t  is est imated t h a t  about 
40-45 lbs/KW must be  assigned t o  t h i s  major component. 

Hydrogen produced from hydrocarbons by t h e  conventional steam 
Only recent ly ,  

I n  one ins tance ,  with the  

Only recent ly  has  emphasis been 
Based on hydrogen reformer 

A second major component of an i n d i r e c t  system is  t h e  hydrogen-air f u e l  
c e l l  s tack  o r  module. Based on e l e c t r o d e  performances of g r e a t e r  than 200 amps 
per  square f o o t  a t  0.8 v o l t s  per  s i n g l e  ce l l ,  t h i s  component should have a weight 
of 15-20 l b s  per  KW f o r  a 28 v o l t  s t a c k  i n  t h e  2-10 KW s i z e  range. 

A t h i r d  major component f o r  an a.c. fuel  c e l l  powerplant i s  t h e  combination 
vol tage  regula tor  and i n v e r t e r .  
USAERDL i n d i c a t e s  t h a t  i n v e r t e r  weights are within t h e  range of 10-15 lbs/KW of 
n e t  a .c .  output .  
evident  t h a t  only about 20 t o  30 lbs/KW are allowable f o r  t h e  a u x i l i a r i e s  i f  a 

Recent experience with hardware procured by 

By adding toge ther  t h e  weights of these  major components i t  is 
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power dens i ty  of 100-110 lbs/KW i s  t o  b e  obtained f o r  a t o t a l  a.c. output ,  
f u e l  c e l l  powerplant. 
with conventional engine genera tors .  

A power dens i ty  of 100 lbs/KW i s  roughly t h a t  obtained 

Therefore, f o r  a f u e l  c e l l  powerplant t o  be weight competitive, a major 
emphasis m u s t  be placed on process  s i m p l i f i c a t i o n .  
is b e s t  achieved by e l i m i n a t i o n  of unneeded components. To c i t e  one example, 
i n  an Army f u e l  c e l l  powerplant f o r  operat ion i n  the  f i e l d ,  adequate moisture 
must be reclaimed f o r  use i n  the  steam reformer t o  avoid t h e  need f o r  makeup 
water. In the  present  A l l i s  Chalmers 5 KW system (USAERDL Contract DA-44-009- 
AMC-240(T)), Figure 2 ,  p a r t  of  t h i s  moisture is  reclaimedfmm t h e  a i r  exhaust ,  
but t h e  major por t ion  comes from t h e  evaporation and condensation i n  an a i r  
s t ream of water removed from a c i r c u l a t i n g  KOH stream. 
water  removal p l a t e  be  included next  t o  each hydrogen e lec t rode  i n  each s i n g l e  
c e l l  t o  allow the  excess  moisture  t o  come i n  contac t  with and d i l u t e  t h e  
c i r c u l a t i n g  KOH. In  t h i s  system p a r t  of t h e  water is  reclaimed a l s o  from t h e  
reformer combustion exhaust .  

Major weight reduct ion 

This requi res  t h a t  a 

I n  a much s impl i f ied  s y s t e m  now being s tudied  (Contract DA-44-009-AMC-967(T) 
with P r a t t  and Whitney A i r c r a f t )  a l l  of t h e  moisture from t h e  c e l l  is  removed 
i n  t h e  a i r  exhaust which i s  used as the  combustion a i r  f o r  the  reformer burner. 
A s i n g l e  condensor is t h e r e f o r e  a l l  t h a t  would be required t o  condense t h e  
required water from t h e  burner  exhaust. This s i m p l i f i c a t i o n  would el iminate  
two condensors, blowers, va lves  and piping as  wel l  as  s implifying the  c e l l  s tack  
cons t ruc t  ion. 

Future  wide a p p l i c a t i o n  of i n d i r e c t  systems w i l l  be dependent on research 
t o  achieve grea t ly  improved cur ren t  d e n s i t i e s  and t o  p r o t e c t  the  reformer c a t a l y s t  
from the  s u l f u r  impur i t ies  found i n  present ly  ava i lab le  l i q u i d  hydrocarbon f u e l s .  
Research now i n  progress  i n d i c a t e s  t h a t  cur ren t  d e n s i t i e s  s e v e r a l  times t h e  200 
ASF a t  0.8 V ,  which is now state-of- the-ar t ,  may be achieved i n  hydrogen-air c e l l s  
with very l o w  o r  no platinum metal content  of t h e  e lec t rodes .  Likewise, research 
s t u d i e s  i n d i c a t e  t h a t  t h e  "guard c a t a l y s t " ,  renewable c a r t r i d g e ,  technique may be 
a p p l i c a b l e  t o  pro tec t  t h e  compact hydrogen generator  c a t a l y s t  from excessive 
degradat ion due t o  s u l f u r  impur i t ies .  

INDIRECT ACID ELECTROLYTE SYSTEMS 

The d e s c r i p t i o n  and weight pred ic t ions  already given a r e  based on a pure 
hydrogen a l k a l i n e  e l e c t r o l y t e  system which involves  a major weight penal ty  due t o  
t h e  inc lus ion  of a scrubber t o  remove the small  amounts of carbon dioxide present  
i n  t h e  incoming a i r  and f o r  a hydrogen d i f f u s i o n  membrane p u r i f i c a t i o n  system. 
For an i n d i r e c t  system based on an a c i d  e l e c t r o l y t e  hydrogen-air f u e l  c e l l  module, 
t h e  carbon dioxide scrubber would not  be required and a l s o  the  p o s s i b i l i t y  e x i s t s  
t h a t  an impure hydrogen contaminated with small o r  moderate amounts of carbon 
monoxide, may b e  u t i l i z e d  d i r e c t l y .  The a t t r a c t i v e n e s s  of t h e  acid e l e c t r o l y t e  
system, however, depends l a r g e l y  on t h e  power dens i ty  which can be achieved i n  
t h e  hydrogen-air c e l l  s tack  and t h e  e f f i c i e n c y  with which hydrogen and a i r  can 
b e  e lectrochemical ly  converted i n  t h e  ac id  e l e c t r o l y t e  system. Because of the  
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s i g n i f i c a n t  system s i m p l i f i c a t i o n s ,  research  emphasis is being placed on 
e lec t rode  s t r u c t u r e s  and e l e c t r o c a t a l y s t s  f o r  t h e  anodic oxida t ion  of hydrogen- 
carbon monoxide mixtures with a i r .  Under Contract DA-44-009-AMC-479(T) with 
General E l e c t r i c  a tungsten oxide-platinum black e l e c t r o c a t a l y s t  system has  
shown high a c t i v i t y  f o r  t h i s  mixture. 
p l a s t i c  c e l l  components and a c i r c u l a t i n g  e l e c t r o l y t e  coolant ,  a module of com- 
parable  power dens i ty  t o  t h a t  of an a l k a l i n e  system may be  achieved even with 
t h e  lower vol tages  of t h e  a c i d  e l e c t r o l y t e  s i n g l e  cell.  

Using very t h i n  e l e c t r o d e s  and l ightweight  

INTERNAL REFORMER INDIRECT SYSTEM 

The p r i n c i p a l  disadvantages of an e x t e r n a l  reformer are t h e  need t o  opera te  
t h e  reformer a t  temperatures  of about 1400'F t o  produce s i g n i f i c a n t  q u a n t i t i e s  
of hydrogen, and t h e  need t o  cont ro l  t h e  hydrogen production rate t o  match ex- 
a c t l y  t h e  f u e l  requirements of t h e  c e l l  a t  a l l  t i m e s .  
c e l l  developed by P r a t t  and Whitney (Contract DA-44-009-AMC-756(T) f o r  operat ion 
with hydrocarbons and a i r  may overcome some of these  problems. 
t h e  hydrocarbon-steam r e a c t i o n  occurs i n  a c a t a l y s t  bed which i s  i n  d i r e c t  
contact  with the  f u e l  c e l l  anode. With a concentrated potassium hydroxide 
e l e c t r o l y t e  the  c e l l  can be operated a t  500°F, a t  which t h e  equi l ibr ium f o r  
hydrocarbon-steam r e a c t i o n s  i s  such t h a t  only a s m a l l  percentage of hydrogen is 
produced. However, a s  t h e  f u e l  c e l l  anode consumes t h e  hydrogen by d i f f u s i o n  
through t h e  s i lver-pal ladium anode, t h e  equi l ibr ium is  s h i f t e d  so t h a t  it is  
poss ib le  t o  convert a high proport ion of  t h e  f u e l  t o  hydrogen and t o  u t i l i z e  
t h i s  hydrogen i n  t h e  anode reac t ion .  
s i n c e  t h e  endothermic reform reac t ion  takes  i t s  h e a t  requirement d i r e c t l y  from 
t h e  waste h e a t  of the c e l l .  Such a system is l a r g e l y  s e l f - c o n t r o l l i n g  s i n c e  
hydrogen is produced only as f a s t  as it is  required by t h e  anode. 

The i n t e r n a l  reforming 

In  t h i s  cel l ,  

This type of c e l l  can be more e f f i c i e n t  

The s t a t u s  of t h i s  system and i ts  a b i l i t y  t o  u t i l i z e  hydrocarbon f u e l s  w i l l  
be discussed i n  d e t a i l  i n  another  paper i n  t h i s  symposium. 

The p r i n c i p a l  research problem is t o  f i n d  t h e  optimum reforming c a t a l y s t .  
The c a t a l y s t  should have very high a c t i v i t y  ( f a s t  k i n e t i c s  f o r  t h e  hydrocarbon 
t o  hydrogen reac t ion)  a t  500'F and be s t a b l e  f o r  long term operat ion.  The 
commercially a v a i l a b l e  r e f o n i n g  c a t a l y s t s  designed f o r  higher  temperature  
(1500OF) operat ion a r e  not  n e c e s s a r i l y  t h e  b e s t  f o r  t h i s  lower temperature 
reforming. Ser ious c a t a l y s t  a c t i v i t y  decay problems have been encountered. 
The r e l a t i v e  a t t r a c t i v e n e s s  of t h e  i n t e r n a l  reforming hydrocarbon-air system w i l l  
depend l a r g e l y  on what improvements a r e  poss ib le  i n  t h e  long term s t a b i l i t y  of 
t h e  reformer c a t a l y s t s .  

PARTIAL OXIDATION OF L I Q U I D  FUELS 
AND MOLTEN CARBONATE FUEL CELLS 

The a i r  p a r t i a l  ox ida t ion  of l i q u i d  hydrocarbon f u e l s  is i n s e n s i t i v e  t o  
t h e  f u e l  type o r  t h e  amounts of s u l f u r  found i n  m i l i t a r y  f u e l s .  Under Contract 
DA-44-009-AMC-S4(T) (Texas Instruments) ,  marine white  gaso l ine ,  JP-4, kerosene, 
Number 2 d i e s e l  f u e l ,  and CITE engine f u e l ,  ranging i n  s u l f u r  content  from 30 ppm 
t o  3,200 ppm, were successfu l ly  converted t o  e l e c t r i c a l  power i n  a p a r t i a l  
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oxida t ion  molten carbonate  f u e l  c e l l  system. The unpurif ied product of 
p a r t i a l  oxidat ion i s  u t i l i z e d  d i r e c t l y  i n  the  molten carbonate f u e l  c e l l .  
The s u l f u r  is  car r ied  i n t o  the  anode a s  hydrogen s u l f i d e  but  does not  adversely 
a f f e c t  performance. The molten carbonate e l e c t r o l y t e  system, Figure 3 ,  due t o  
i t s  higher  temperature of opera t ion  tends t o  be more rugged and heavier  than 
competing systems. The a u x i l i a r i e s  a r e  s impl i f ied ;  no l i q u i d  water  must be  
condensed and the s t a c k s  can probably be a i r  cooled. The ce l l  s t a c k  i n  t h i s  
case represents  about 50% o f  the t o t a l  weight. This.means t h a t  t h e  current  
d e n s i t i e s  which can b e  achieved a r e  a very important f a c t o r  i n  determining 
t h e  t o t a l  weight of the  system. Today 30 wat t s / sq  f t  i s  rout ine ly  achievable 
and 40-60 watts /sq f t  can most l i k e l y  be achieved by minor engineering improve- 
ments. Power d e n s i t i e s  of g r e a t e r  than 100 watts/sq f t  a r e  requi red ,  however, 
i f  t h e  molten carbonate system i s  t o  be competitive i n  t h e  3-10 KW power range. 
S i g n i f i c a n t l y  more research  emphasis m u s t  be placed on understanding the e lec t rode  
l i m i t a t i o n s  with t h i s  mixed f u e l  and a i r  and t h e  design and t e s t i n g  of more a c t i v e  
e lec t rode  s t r u c t u r e s .  

D I R E C T  OXIDATION 

The s t a t u s  of d i r e c t  ox ida t ion  hydrocarbon f u e l  c e l l  research and preliminary 
engineer ing i s  being ably d iscussed  by o t h e r s  i n  t h i s  symposium. I wish t o  add 
t o  t h i s  only by s t r e s s i n g  two major po in ts .  

Tremendous progress  h a s  been made over the  l as t  s e v e r a l  years  i n  anodical ly  
oxid iz ing  hydrocarbon f u e l s  a t  an e lec t rode .  Whereas, t h r e e  years  ago the  
a b i l i t y  t o  oxidize s a t u r a t e d  hydrocarbons a t  lower temperature (150-200°C) and 
atmospheric pressure w a s  quest ioned,  today 10-15 wat t s / sq  f t  with n-octane can 
b e  rout ine ly  obtained with e lec t rodes  with usefu l  l i v e s  of over 1000 hours. 
Twenty watts/sq f t  is a l e g i t i m a t e  goal f o r  t h i s  year. The cur ren t  dens i ty  a t  
a c e l l  vo l tage  of 0 .5  t o  0.6 v o l t s ,  however, must be g r e a t l y  increased f o r  a 
d i r e c t  oxidat ion system t o  become a t t r a c t i v e .  A s e v e r a l  f o l d  increase  i n  current  
dens i ty  m u s t  be achieved whi le  a t  the  same t i m e  g r e a t l y  reducing t h e  platinum 
content  of t h e  e l e c t r o d e s .  The progress  has been very encouraging but a 
tremendous amount of research  must s t i l l  be  devoted t o  understanding the complex 
na ture  of hydrocarbon anodic oxidat ion.  

Most of the work t o  d a t e  has been done on pure s i n g l e  component hydrocarbon 
f u e l s .  Work now i n  progress  is determining t h e  to le rance  of e lec t rodes  t o  
o l e f i n i c ,  naptha l in ic  and aromatic  components. The f u t u r e  " fue l  c e l l  fuel"  
may not be what we burn i n  our automobiles today, but economics d i c t a t e  t h a t  it 
w i l l  be a multi-component f u e l  which can be  produced from a petroleum ref inery .  
Greater  research emphasis m u s t  be placed on t h e  d i rec t  oxidat ion of  r a f f i n a t e s  
and o ther  complex f u e l  mixtures .  

CONCLUSIONS 

I n d i r e c t  hydrocarbon f u e l  c e l l  s y s t e m s  a r e  c l o s e s t  t o  t h e  hardware s tage  
but requi re  addi t iona l  research  t o  s implify a u x i l i a r y  systems, t o  increase  
cur ren t  d e n s i t i e s  with l e s s  c o s t l y  e lec t rodes ,  and t o  p r o t e c t  reformers 
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from the  e f f e c t  of s u l f u r  impur i t i e s  present  i n  l i q u i d  hydrocarbon f u e l s .  
An i n t e r n a l  reformer system can Rchieve major e f f i c i ency  and c o n t r o l  advantages 
i f  present  research aimed a t  long l i f e  low temperature reformer c a t a l y s t s  is 
success fu l .  
s y s t e m  to  be competit ive f o r  po r t ab le  power p l an t s .  Tremendous progress  has  
been made with d i r e c t  ox ida t ion  bu t  much h ighe r  cu r ren t  d e n s i t i e s  must b e  
achieved wi th  multi-component f u e l s  f o r  a p r a c t i c a l  system. 
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CARBON -AIR ELECTRODES 

FOR LOW TEMPERATURE F U E L  CELLS 

by K. V. Kordesch 

P a r m a  Technical Center ,  P a r m a ,  Ohio 
' Union Carb ide  Corporation, Development Department  

I. INTRODUCTION 

The economy of a t e r r e s t r i a l ,  low t empera tu re  fue l  ce l l  sys tem 

depends strongly on the feasibility of using air  a t  a tmospher ic  p r e s -  

su re .  High cu r ren t  densities are  requi red  to keep ba t te ry  weight and 

s i ze  down; s imple  operation, preferably at a tmospher ic  p r e s s u r e ,  i s  

des i r ed  to avoid cost ly  and energy-consuming accesso r i e s .  Las t ,  but 

not leas t ,  the use  of noble meta l  ca ta lys t s  and expensive s t ruc tu ra l  

ma te r i a l s  mus t  b e  res t r ic ted  to a minimum. 

At the present  t ime,  low tempera ture ,  acidic-electrolyte ,  fuel 

ce l l  sys t ems  have not reached the development s tage  which would 

indicate  the i r  pract ical  utilization in  the nea r  future. 

the discussion will be  limited to a lkal ine electrolytes  only. 

phobic carbon e lec t rodes ,  i t  is a ma t t e r  of technical choice whether  

liquid or immobil ized electrolytes  a r e  used;  therefore ,  no differentia- 

tion will be  made.  

11. DISCUSSION 

1. 

F o r  this  reason,  

With hydro- 

The  Pe r fo rmance  of Carbon-Air  Electrodes.  

a )  Comparison of Polar izat ion Curves .  - The potential of a n  

electrode a t  a given load is  dependent on the act ivi ty  of the catalyt ic  

sys t em used. Carbon-oxygen (air) electrodes function a s  hydrogen, 

peroxide-producing, gas-diffusion electrodes,  and f o r  this  reason  

show a s t rong dependence on the peroxide-decomposing capability of 

the electrode sur face .  (1  ) 

Figure  1 shows the polarization curves  of t h ree  differently 

catalyzed carbon electrodes.  

of the Pt-catalyzed cathodes-Pt is deposited in  a quantity of 1 mi l l ig ram 

pe r  cm2 of geometr ic  surface.  

Charac te r i s t ic  i s  the high voltage level  

A ve ry  r emarkab le  per formance  is shown 
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by the th i rd  e lec t rode ,  containing no specially .added metals-only the 

peroxide-decomposing catalytic activity of the basic CoOA1203 spinel- 

containing ca rbon  is demonstrated.  (2) While the initial performance 

level i s  lower,  t h e  cu r ren t - ca r ry ing  abil i ty is g rea t e r  a t  very  high 

cu r ren t  dens i t ies .  

1 100 200 ' 300 400 500 
0 

CURRENT DENSITY - mA/cmg 
D- 1882 

Fig .  1 E lec t rode  Polar iza t ion  Curves  Employing Different 
Cata lys t s  (L inea r  Diagram). 

The  uppe r - th ree  cu rves  of Fig.  1 w e r e  obtained with so-called 

"fixed-zone", 0. 03 -inch thick composite e lec t rodes  consisting of a repel-  

lent porous nickel plaque (0. 008-inch thick) coated with layers  of cata- 

lyzed carbon. (3)  The fourth curve  in Fig. 1 was obtained with a platinum- 

catalyzed, 0. 25-inch thick carbon e lec t rode  (1  mg P t / cmz) .  

oxygen pe r fo rmance  (not shown) of 0. 25-inch and 0. 03-inch electrodes i s  

essentially equal, the per formance  with a i r  i s  very  different. 

electrode i s  c l e a r l y  diffusion-limited. 

While pure 

The thicker 

The  s a m e  vol tage-cur ren t  cu rves  of Fig.  1 ( l inear  d iagram)  a r e  

replotted in F ig .  2 using a logarithmic absc i s sa .  The s imi la r i ty  in e lec-  
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t rochemica l  behavior of the four  electrodes becomes m o r e  apparent  in 

the s e c m d  figure.  

decade a t  low cu r ren t  dens i t ies ) ,  but the voltage leve ls  a r e  different 

in accordance  with the chosen catalyst .  

of the  "mass - t r anspor t  limitation" (as expected, considering the  d i f -  

f e r ence  in e lec t rode  thicknesses).  

catalyzed" thin e lec t rode  is not accidental-this cha rac t e r i s t i c  i s  

consistently observed. 

The Tafel  slopes a r e  identical (40 to 50 mv per  

Also different is the extent 

The  c r o s s - o v e r  of the "spinel- 

1.10r 1.10 

> YPlNtL - 0.8~0.03"AIR-E~ECTRODES 

0.7b \ 
1 1 I 10 20 30 50 100 200 1000 

I I l l  1 I \  I J 

CURRENT DENSITY- mA/cmP 
D- 1883 

Fig.  2 Elec t rode  Polarization Curves  Employing Different 
Cata lys t s  (Logarithmic Diagram) .  

b )  Operational Life of A i r  Elec t rodes .  - Life of the electrodes 

depends,  first of a l l ,  upon the cu r ren t  density. 

mines  the operational voltage (as  F igs .  The 

"polarization level" ( te rmina l  voltage mmus  the voltage d r o p  i n  the 

res i s t ive  components of the ce l l )  i s  a m o r e  decisive pa rame te r  than 

the "terminal voltage". Thls " res i s tance- f ree ' '  voltage can be d e t e r -  

mined by means  of c u r r e n t  i n t e r rup te r  devices (4) ,  o r  suitably placed 

r e f  e r enc e electrodes.  

Cur ren t  density de te r -  

1 and 2 demonst ra te ) .  

1 
Y 
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The re la t ionship  between c u r r e n t  density and operational life 

s e e m s  to be  a n  exponential function. 

usually d e c r e a s e s  life to one-fourth the  t ime,  o r  v ice  v e r s a ;  cutting 

the cu r ren t  density in  half prolongs the electrode life fourfold. 

should be  cons idered  only a s  a "rule-of-thumb''  fitting o u r  present  

expe rienc e. 

Doubling the c u r r e n t  density 

This 

F i g u r e  3 shows the  per formance  life of 1965 Union Carb ide  

thin electrodes operating on a continuous load corresponding to 100 

A / S F  (105 ma /cm2) .  

has  been used. 

It should be noted that COZ-free ( scrubbed)  a i r  

- 0.03" AIR ELECTRODE PERFORMANCE -1.0 a: 

- 9 
- -0.0 g 

CONTINUOUS LOAD : 100 A/SF - SCRUBBED AIR , 12 N KOH, 65'C I" - - - I F  - - - 0 - 0.9 
MAY 65 

I I I I I I 
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c )  The  effect of C Q  on electrode life (ca ta lys t s ,  var ia t ion 

in  e lectrolytes ,  etc. ), and 

d )  Poss ib le  explanation of the effects. 

a )  The Effect of Carbonate  in the Electrolyte. - F o r  compar i -  

son,  two identical ce l l s  were  operated in 6 molar  KOH containing 0 .4  

mol  potassium carbonate ,  and 6 mola r  KOH containing 1. 0 mol  potas- 

s ium carbonate. The air supplied to the ce l l  was cleaned in  a gas  wash 

tower containing KOH; no additional COz was absorbed  during operation. 

No noticeable difference in performance was observed. 

b )  Rate of CQ-Contaminat ion through the Operating Electrode.  - 
The speed of COz-pickup f rom the air  through the wall of cathodes was 

f i r s t  tes ted with 0. 25-inch carbon cathodes continuously exposed to 

room a i r  in a concentr ic ,  t r iangular ,  7-cel l  bat tery (5). Table  I gives 

the data which show that the COz-takeup f rom the a i r  ( for  6 M KOH) was 

rapid during the f i r s t  few days,  then slowed down considerably. 

TABLE I 
RATE OF COZ-CONTAMINATION OF 6 M KOH 

IN AIR-EXPOSED CELLS (15 ma /cmz  LOAD) 
eb 

Time Elapsed Since Exposure of Titrate?- 
Cathodes (6 M KOH) to Air  M co, 

72 Hours  = 3 Days 0 .4  M 
720 Hours  = 4 Weeks 1. 0 M 

2160 Hours  3 Months 2. 5 M 

Adding KOH pellets to the par t ia l ly  neutral ized caus t ic  solution 

until the OH- ion concentration corresponded to 6 M KOH res to red  the 

o rigina 1 performance.  

c )  The Effect of C Q  on Electrode Life. - The 0. 25-inch c a r -  

bon electrodes -used ii, the concent r ic - ( t r iangular )  ce l l s ,  mentioned 

above, ca r r i ed  no special  meta l  catalyst .  

vived 4000 hours  a t  a cu r ren t  density of 15 ma /cmz ;  some  operated 

f o r  7000 h0ur.s. 
ditions of operation and a i r  exposure when 0. 25-inch, platinum- 

catalyzed (1  m g / c m z )  cathodes 

Most of the t e s t  ce l l s  s u r -  
. .  

Cell  life was  only about 800 hours  under  the same  con- 

w e r e  employed. 
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F igu re  4 i l lus t ra tes  the average  resu l t s  of these  tes ts .  The 

voltage level  of the noble metal-catalyzed cathodes was higher, but 

life was far sho r t e r .  

1.6 r I 
I r Pt . CATALYZED I 

- - - - - 

I5 mA/CM' 
20'C 

1.2 0.25" ELECTRODES 
- 

I I I I J 
0 1000 2000 3000 4000 6000 1.1 I 

D- 1884 
TIME (HOURS) 

Fig. 4 P e r f o r m a n c e  with C02-Containing Air ,  Comparing Noble 
Metal-Catalyzed vs. Spinel-Catalyzed Cathodes. 

In another  s e r i e s ,  platinum-catalyzed, thin electrodes (1963) 

w e r e  operated with COz-containing air ,  using 6 N KOH fo r  one s e t  of 

ce l l s ,  and 6 N NaOH f o r  the other. 

cathodes in NaOH outlived the cathodes in  KOH by a wide margin,  

again a t  the cos t  of the voltage level, however. 

F igure  5 shows the results-the 

E " I -  1.4 

+ 
I I 1 I I I I I I 

0 200 400 600 000 I (  2 1.01 

I ,  

1 

TIME (HOURS) D-1881 

F i g .  5 Per fo rmance  with COz-Containing Air ,  Comparing Plat inum- 
Catalyzed Cathodes-6 N KOH vs .  6 N NaOH. 
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A th i rd  combination (uncatalyzed e lec t rodes  i n  NaOH e lec t ro-  

lyte)  did not look promising f r o m  the ce l l -per formance  standpoint a t  

that time. This combination will be  t r i ed  in the fu ture  using newer,  
\ m o r e  act ive electrodes.  

d )  Poss ib le  Explanation of Effects  - Phys ica l  examination of 

the COz-damaged electrodes always revealed a mechanical  blockage. 

It s eems  that the degree  of repel lency of an  electrode de te rmines  the 
degree  of res i s tance  against  CO, damage. NaOH i s  l e s s  wetting than 

KOH, and platinum-catalyzed e lec t rodes  a r e  l e s s  repel lent  than elec-  

t rodes  without platinum catalyzation. 

density dependent; a heavily polar ized air electrode has  a shor t e r  

life in the s a m e  electrolyte  than does one showing a l e s s e r  deg ree  of 

polarization. 

C 4 - d a m a g e  is a l so  cu r ren t -  

Experiments  with porous me ta l  e lectrodes indicate that "wet"- 

operated electrodes ( g a s  p r e s s u r e  balance)  have a n  ex t remely  low 

tolerance for  COz. The po res  of such electrodes plug within a few 

hours ,  and physical damage (possibly by expanding carbonate)  is 

i r revers ib le .  Carbonate-plugged, 0. 25-inch carbon electrodes w e r e  

usually permanently damaged, and could not b e  revived. However,  

the newer thin composi te  e lectrodes have frequently been washed and 

reused. 

111. CONCLUSIONS 

Carbon-containing cathodes s e e m  to b e  the m o s t  des i r ab le  elec- 

t rodes  fo r  high-power density, economical, a i r - fue l  cel ls .  The  fuel  

source  for  such low t empera tu re  ce l l s  may be  hydrogen ' f rom hydro- 

carbon r e fo rmer  units, o r  hydrogen f r o m  alcohol o r  ammonia con- 

v e r t e r s .  

At present ,  C q  removal  i s  necessa ry  during air  operat ion in 

o r d e r  to a t ta in  long life a t  high cu r ren t  densi t ies .  However,  recogni- 

tion of the na ture  of carbon dioxide effects on today's e lec t rodes  is the 

f i r s t  s tep  towards possible  fu ture  remedy. 

In the au thor ' s  opinion, of a l l  the  avai lable  cathodes,  the carbon 

electrode is the l ea s t  sensi t ive to carbon dioxide damage. 
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PERFORMANCE OF A REFORMED NATUFAL GAS-ACID 
FUEL CELL SYSTEM 

Part  I. Hydrogen Generator Design 

by 

John Meek 
B. S. Baker 
A. C. Allen 

I n s t i t u t e  o f  Gas Technology 
Chicago, I l l i n o i s  

INTRODUCTION 

Natural gas can be used in low-temperature f u e l  c e l l  
systems i n  several  ways. Although t h e  d i r e c t  methane c e l l  has 
proven feas ib le ,  I’ present and forseeable technology of such 
systems w i l l  be very cos t ly  because of t h e  quant i ty  and type of 
c a t a l y s t  required f o r  d i r e c t  anodic oxidation. The i n d i r e c t  ce l l ,  
which requires t h e  reforming o f  methane followed by t h e  
u t i l i z a t i o n  of hydrogen, seems more a t t r a c t i v e  a t  t h e  present time. 
W i t h  a lka l ine  e l e c t r o l y t e  systems it i s  necessary t o  use high-purity 
hydrogen as t h e  f u e l .  
an  external  reformer and purifying t h e  gas with a palladium-silver 
d i f fuser ,  o r  by reforming t h e  gas i n  s i t u  i n  a fuel c e l l  t h a t  
employs a palladium-silver-hydrogen d i f fbs ion  anode. 
i n  t h e  gas industry,  it i s  e s s e n t i a l  that both f i r s t  cos ts  and 
operating costs  remain low. Accordingly, t h e  program at IGT has 
focused i t s  a t t e n t i o n  on development of a hydrogen generator-f ie1 
c e l l  system i n  which t h e  feed from t h e  reformer i s  r i c h  i n  
hydrogen but unpurif ied,  t h e  enrichment being achieved by 
conventional chemical processing techniques. It i s  r ea l i zed  that  
t h i s  implies t h e  use of a f u e l  c e l l  of the ac id  e l e c t r o l y t e  type 
which i s  present ly  more expensive than t h e  a lka l ine  e l e c t r o l y t e  f u e l  
c e l l .  Nevertheless we believe that t h e  cost  o f  t k a c i d  e l e c t r o l y t e  
c e l l  can be g r e a t l y  reduced e spec ia l ly  where t h e  f’uel i s  hydrogen. 
The other  fac tors  a f f ec t ing  t h e  decis ion t o  pursue t h i s  system have 
been outlined i n  an e a r l i e r  publ icat ion i n  t h i s  s e r i e s . 3  Design 
of a na tu ra l  gas-fueled hydrogen generator i s  described here i n  
which t h e  product i s  s u i t a b l e  for use i n  any acid e l e c t r o l y t e  fuel c e l l  

This may be obtained by steam reforming i n  

For appl icat ion 

HYDROGEN-GENERATION PROCESS 

The hydrogen generation process used i n  t h e  IGT system 
has been described i n  d e t a i l .  It consis ts  o f  th ree  stages:  F i r s t ,  
na tu ra l  gas i s  steam-reformed a t  8 O O 0 C  t o  produce a hydrogen-carbon 
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monoxide-carbon dioxide mixture. The e f f luent  from this f i r s t  
r eac to r  i s  then cooled and fed  t o  a carbon monoxide s h i f t  reac tor  
operat ing a t  about 270°C, wherein t h e  carbon monoxide content of 
t h e  gas i s  reduced from a typ ica l  15% (dry b a s i s )  t o  about 
2000 pa r t s  per  mi l l ion .  For c e r t a i n  ac id  f ie1 c e l l s  operating 
above 100°C t h i s  gas might prove t o  be  an acceptable feed, but,  
f o r  lower temperature c e l l s  it i s  des i rab le  t o  fu r the r  reduce t h e  
carbon monoxide content  of t h e  feed gas. This i s  achieved i n  
t h e  l as t  s tage by passing t h e  e f f luent  from the carbon monoxide 
s h i f t  reac tor  through a low-temperature ( 190°C), se l ec t ive  
methanation r eac to r  i n  which t h e  carbon monoxide content of t he  
gas  i s  reduced t o  approximately 20 p a r t s  per  mi l l i on  by reac t ion  
with hydrogen t o  produce methane. Typical gas compositions along 
i i i th  t h e  free energy f o r  these  reac t ions  are summarized i n  Tables 1 
2nd 2. It can be seen t h a t  the reforming and carbon monoxide s h i f t  
reac t ions  proceed, f o r  p r a c t i c a l  consideration, t o  equilibrium. The 
r eac t ion  based on the  methanation of carbon monoxide alone i s  a 
long iJay from equi l ibr ium and improvement might be expected. The 
l a rge  deviat ion from equi l ibr ium i s  probably due t o  r eac t ion  of 
ccrbon dioxide with hydrogen t o  produce carbon monoxide. 

HYDROGEN GENERATOR DESIGN 

For t h e  hydrogen generat ion process t o  be a t t r a c t i v e  it 
i s  necessary t h a t  an in t eg ra t ed  three-s tage,  gas-f i red hydrogen 
generator  that i s  se l f - con t ro l l i ng  be designed and constructed.  
Limited data  i s  a v a i l a b l e  on t h e  design of complete hydrogen generation 
systems with s m a l l  capaci ty .  4' 

because it represented a readi ly  packageable eas i ly  fabr ica ted  un i t  
v i t h  loii pressure drop. 

The f i r s t  problem encountered i n  t h e  design was t h e  
development of a gas- f i red  burner t h a t  could operate  on low-pressure 
gas ( 0  i n .  we), b r ing  the r e l a t i v e l y  compact reformer reac tor  t o  
operat ing temperature, and maintain t h e  desired heat input t o  
s u s t a i n  the endothermic steam-reforming react ion.  It was found 
tha t  reac tors  of t h e  present  design, or of almost any design, did 
not  have s u f f i c i e n t  heat t r a n s f e r  a r ea  t o  permit heat ing by a 
convective process.  To obta in  a higher e f f ec t ive  heat  t r a n s f e r  
coef f ic ien t ,  both s ides  of t h e  annular reac tor  were encased i n  
annular sect ions f i l l e d  w i t h  t h e  re f rac tory  material of high 
surface mea .  The sec t ions  could be brought t o  t h e  desired 
temperkture by convection and would i n  t u r n  heat t h e  reformer 
by rad ia t ion  from the re f rac tory .  
t h i s  system i s  shown i n  Fig. 1. The reforming s tage  of t h e  hydrogen 
generator,  which i s  capable of reforming 25 cu f t  o f  methane 
per  hour, is shown i n  Fig.  2.  

The second problem encountered i n  t h e  present system 
\res t o  f ind a means f o r  reducing the temperature of the  hot f l u e  
geses t o  meintain the second- and th i rd-s tage  reac tors  at t h e i r  
proper opereliing temperatures.  The so lu t ion  w a s  t o  cool both the  
f l u e  g:es from t h e  n e t u r a l  gas burner and t h e  product gas from t h e  
rerormer reac tor  b5i generat ing and superheating process steam. 
f l u e  gas end t h e  product gases a re  e f f ec t ive ly  cooled by t h i s  
procedure but t h e  achievable temperature control  was not accurate  

I n  t he  IGT system an annular reac tor  design was chosen 

A t yp ica l  burner design f o r  

The 
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. .  

enough f o r  t h e  s h i f t  and methanation s tages .  Obtainment of  temperature 
control  i n  these two reac tors  within t h e  desired limits, w a s  made 
possible  by jacket ing the  reac tors  with constant bo i l i ng  f lu ids .  
Dow-Therm A and Dow-Therm E have been chosen f o r  t h i s  purpose. 
The jacketed s h i f t  and methanation u n i t s  a r e  shown i n  Figs.  3 and 4. 
Temperature control  of these reac tors  i s  achieved by dependence of  
pressure on temperature of t h e  Dow-Therm liquid-vapor systems. The 
Dow-Therm vapor pressur izes  a Sylphon bellows which t ransmits  a pressure 
s igna l  t o  ac tua te  damper valves which control  t h e  d i r ec t ion  of 
flow of hot flue gases.  Water flow valves which, i n  tu rn ,  control  
t he  flow of cooling water t o  t h e  Dow-Therm vapor condensers a l so  
ac t iva ted  by t h i s  means. 

generator  t h a t  suppl ies  a constant amount of product gas.  The 
Sylphon bellows (Fig.  1) has t h e  f u r t h e r  advantage o f  not 
requir ing any p a r a s i t i c  power from t h e  f u e l  c e l l  system; it i s  
a l s o  r e l a t i v e l y  inexpensive. The only auxiliary power on the 
present reformer i s  t h a t  needed f o r  a small a i r  blower which 
provides combustion air. This blower draws about 40 watts at 
m a x i m u m  a i r  demand. The complete system i s  shown schematically 
i n  Fig. 5. 
shown i n  Fig. 0. 

This mode of  control  i s  espec ia l ly  su i t ed  t o  a hydrogen 

Th? ac tua l  unit with a 100 cu f t / h r  capaci ty  i s  

PERFORMAPJCE CHARACTERISTICS 

Hydrogen generators  very s imi l a r  i n  design t o  t h e  one 
described i n  t h e  present paper have been success f i l l y  operated a t  
IGT, producing the gas given i n  Table 1. The best  ove ra l l  
e f f ic iency  achieved w i t h  t h i s  type reformer i n  150 hours of 
i n t e rmi t t en t  opera t ion  has been 41%. This f igu re  w a s  obtained 
with a u n i t  tha t  has an output of 50 cu f t  of hydrogen per hour. 
The system present ly  under test has an  output capaci ty  o f  100 cu f t  
o f  hydrogen per hour; overa l l  e f f ic iency  f igures  of about 50% 
are ant ic ipa ted .  

Gas of t h e  type produced by t h i s  hydrogen generator  has 
been extensively t e s t e d  i n  low-temperature acid f u e l  c e l l s .  U s e  
o f  these  gases i s  the subject  of P a r t  I1 o f  t h i s  paper. 
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Table I 
Composition, Mole percent 

i Reactor Hz COa CH4 HpO CO Nz T°C 

' Reformer I n  o 0.107 * 0 87.268 0.046 800 -Q) 

Reformer Out 34.644 3.773 0.045 6.847 54.654 0.036 800 -7.287 
Shifter I n  34.644 3.773 0.045 6.847 54.654 0.036 270 -5.18211 

Shifter Out 41.346 10.475 0.045 0.146 47.952 0.036 270 -2.30975 

Methan. I n  41.346 10.475 0.045 0.146 47.952 0.036 190 -26.50958 

Methan. Out 41.030 10.505 0.190 0.001 48.236 0.036 190 -20.05782 
1 

*See Table I1 

Table I1 

'1 ', 
I 

I 

I 
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Fig. 1. -NATTJRAL GAS BURNER USED AS PRIMARY HEAT SOURCE FOR 
, KYDROGEN G m T O R ,  



-27  - 

Fig. 2 .  -REFORMER AND CONTROL SECTION OF THE TiyDilOGEX GENERATOR 
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F i g .  3 .  -JACKETED CARBON MONOXIDE SHIFT REXCTOR 
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Fig. 4 .  -JACKETED METHANATION REACTOR 
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2 - Steam Reformation Reactor 
3 - CO Shift Reactor 
4 - Mcthonotion Reactor 
5 - Heat Exchangers 
6 - Condenser 
7 - Dowtherm A Condenser 
8 - Dowthcrm E Condenser 
9 - Dowtherm Vapor Actuoted 

10 - Dowtherm Vapor Actuoted 

11 - Counterbolance Bellows 
12 - Monuol Control Flue Damper 
13 -Automatic Control Flue Damper 
14 - Dowtherm A Jacket 
15 - Dowtherm E Jocket 
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Fig. 5 . - S C H E M A T I C  R E P E S E N T A T I O N  OF I G T  HYDROGEN GENERATOR SHOWING 
REACTORS AND CONTROL LOOPS 
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PERFORMANCE OF A EiEFORMED NATlTRAL GAS-ACID 
m c m  SYSTEM 

Par t  11. Fuel Cell Bat tery 

F. B. Le i tz  and W. Glass 
Ionics ,  Inc., Cambridge, Mass. 

I n s t i t u t e  of Gas Technology, Chicago, Ill. 
'. D. K. Fleming 

INTRODUCTION 

This i s  a report  on a jo in t  e f f o r t  of Ionics,  Inc. and 
The I n s t i t u t e  of G a s  Technology t o  develop an  air-breathing f u e l  
c e l l  system powered by na tura l  gas. The long range object ive o f  
t h e  project  i s  t h e  development of  an economical power source 
u s i n g  t h i s  r ead i ly  ava i l ab le  fuel, and which has a high degree 
o f  r e l i a b i l i t y  and s a f e t y  for r e l a t i v e l y  long periods of wat tended 
operation. The system se lec ted  for t h i s  program w a s  a low 
temperature, hydrogen-oxygen fuel c e l l  with an  ac id  e lec t ro ly te .  

The hydrogen-oxygen system i s  well advanced. 
r e l a t i v e l y  high e f f i c i ency  with fuels and oxidants t h a t  a r e  easy 
t o  obtain.  The fuel  can be generated from na tura l  gas or other  
hydrocarbons and t h e  oxidant i s  ava i lab le  from t h e  air. The process 
t o  generate hydrogen for this fuel c e l l  has been presented in an 
earlier publ ica t ion  i n  this series.' 
reformer u n i t  has been discussed i n  another paper during t h i s  session.* 

because o f  i t s  long l i f e ,  reduced corrosion problems, and low 
pressure  operation. These advantages are counterbalanced in pa r t  
by t h e  present high cost  of t h e  ca ta lys t .  

An ac id  e l e c t r o l y t e  system w a s  d i c t a t ed  by the  need for 
compatibi l i ty  with t h e  carbon dioxide which i s  formed during t h e  
reforming of na tu ra l  gas and which i s  a l so  present i n  room air. 
W i t h  t h e  acid system, expensive s teps  t o  pur i fy  t h e  hydrogen are 
not required.  Also, t h e  a i r  does not have t o  be scrubbed t o  
remove carbon dioxide.  

It provides 

The descr ip t ion  of a l O O - C w  

1 

A low temperature system w a s  selected for t he  invest igat ion 

I 
L 

1 

A dual ion-exchange membrane ba t t e ry  w a s  chosen f o r  i t s  
inherent  s a fe ty  and r e l i a b i l i t y .  With t h e  ac id  e l ec t ro ly t e  
contained between two membranes, and t h e  gases on t h e  outside of  
these membranes, the chances o f  gas intermixing are minimized. A 
pinhole i n  one membrane does not br ing two reac tan t  species 
together  i n  t h e  presence of  an ac t ive  ca t a lys t  which would cause 
failure. The s a f e t y  of operat ion i s  consis tant  with the  goals of 
t h e  project .  

BATTERY CONSTRUCTION AND OPmTION 

General Descr ipt ion 

wired i n  series and with p a r a l l e l  flows of gas  and e lec t ro ly te .  
An individual  c e l l  i s  diagramed i n  Figure 1. 
i n  t h e  center  o f  t h i s  diagram, i s  f i l l e d  with a polyethylene- 

The b a t t e r y  i s  a n  in t e rna l ly  manifolded s tack  o f  c e l l s  

The ac id  compartment, 
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Po~ypropylene woven c lo th  (70% void) t o  maintain t h e  e l e c t r o l y t e  
Spacing. On e i t h e r  s ide  of t h e  ac id  compartment are ca t ion ic  
ion-exchange membranes with woven g l a s s  backing. 
membranes i s  in t imate ly  contacted by an  electrode,  ei ther anode or 
cathode. These, i n  turn ,  are held i n  place by ribbed p l a t e s .  The 
P la t e s  a r e  embossed niobium sheets ,  5 mils  th ick .  They e l e c t r i c a l l y  
connect one cathode t o  t h e  adjacent anode and simultaneously 
d i s t r i b u t e  t h e  flow of gas t o  t h e  electrodes.  
e l ec t ro ly t e  compartment frames are made of 65 durometer bu ty l  
rubber. This i s  s u f f i c i e n t l y  f i r m  t o  r e t a i n  dimensional 
s t a b i l i t y  but s t i l l  has enough f l e x i b i l i t y  f o r  sealing. The 
e lec t rodes  a r e  platinum-black bonded t o  a tant2lum screen as 
manufactured by t h e  American Cyanamid Company. The c a t a l y s t  
loading i n  t h e  present  ba t t e ry  i s  9 grams pe r  square foot .  The 
M a l  thickness f o r  a single c e l l  is 140 m i l s  o r  about 1/7 inch. 

The manifolds f o r  t h e  movement of f r e s h  and spent material are holes 
punched i n  t h e  margins o f  the components. Channels connect t h e  
appropriate  compartments and manifolds. I n  t h e  present geometry, 
70 percent of t h e  t o t a l  a r e a  i s  ac t ive .  The a c t i v e  area of a c e l l  
i s  1 /4  square foot .  

respect ive compartments. Spent gas i s  removed from t h e  bottom of the 
ba t t e ry  t o  sweep out t he  l i q u i d  formed by t h e  reac t ion  or which 
has passed through the membrane by osmosis. The 25 percent 
s u l f i r i c  ac id  e l ec t ro ly t e  flows from t h e  bottom of the compartment 
t o  t h e  top. This removes gas which may be i n  t h e  compartments 
during s tar t -up.  The current  i s  taken from t h e  ba t t e ry  from the  
terminal co l l ec to r  p l a t e s .  These are heavier  than  the i n t e r i o r  
sheets  t o  reduce t h e  b a t t e r y ' s  e l e c t r i c a l  res i s tance .  

Each of these  

The gas and 

The i n t e r n a l  manifolding technique i s  shown i n  Figure 1. 

In  operation, t h e  reac tan t  gases a r e  fed t o  t h e  t o p  of t h e i r  

Heat and Mass Balance 

problems within t h e  cathode compartment of  t h e  c e l l  w a s  performed 
on a d i g i t a l  computer using f i n i t e  d i f fe rence  techniques.  This 
study indicated that t h e  a i r  required f o r  a thermal balance i s  
g rea t e r  than tha t  f o r  a water balance by a f a c t o r  of approximately 
30. Therefore, t h e  heat of reac t ion  must be removed by o ther  
means. 

Figure 2 shows t h e  heat  and mass balances during 
s teady-state  operat ion on reformed na tu ra l  gas.  
conditions are t y p i c a l  of those rea l ized  i n  t h e  laboratory.  A l l  
of  t h e  heat generated i n  the ba t te ry ,  plus  that which i s  
equivalent t o  the water condensed, i s  removed by t h e  r ise  i n  t h e  
a c i d ' s  temperature. If t h e  humidity of t h e  inlet a i r  were lower 
during operation, water would be removed from the b a t t e r y  and 
the acid concentration would r i s e .  The exit  a i r  i s  a f e w  degrees 
higher than t h e  acid temperature because most o f  t he  i r r e v e r s i b i l i t y  
of t h e  reac t ion  i s  a t  t h e  cathode. The i n l e t  air  temperature and 
humidity are maintained at  t h e  conditions of t h e  e x i t  air. 
f u e l ,  on t h e  o the r  hand, need not be excessively heated o r  
humidified f o r  stable operation. 

A de t a i l ed  ana lys i s  of t h e  heat  arnd mass balance 

The operat ing 

The 
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Pressure Drop 

i s  important i n  t h e  design of the e n t i r e  system. Air must be 
supplied a t  enough pressure t o  overcome the  losses  i n  the  
humidification process and within the bat tery.  O f  g r ea t e r  
importance, the reformer must be designed t o  supply gas at 
enough pressure t o  overcome the losses  on-the anode s ide  of 
t h e  ba t t e ry  from a l i n e  pressure of six inches. 

shown i n  Figure 3. From t h i s  graph, it can be observed tha t  the  
flow i n  the  cathode chamber i s  laminar; the pressure drop var ies  
d i r e c t l y  with t h e  flow r a t e .  W i t h  the  same design, t h e  pressure 
d r o p  f o r  an 80 percent hydrogen-20 percent carbon dioxide f ie1 
mixture, s imilar  t o  the  generator product, should be s i g n i f i c a n t l y  less  
than t h a t  of  t h e  air .  The pressure drop with this f u e l  mixture 
i s  so  low tha t  uneven d i s t r i b u t i o n  within the ba t t e ry  resu l t s .  
To correct  the d i s t r i b u t i o n a l  problem, the resis tance i n  the 
inlet t o  the f u e l  compartment from the f u e l  manifold i s  increased. 
I n  t h e  present design, t h e  r e s t r i c t i o n  i s  1/2 inch o f  19 m i l .  I . D .  
tantalum tubing. W i t h  t h i s  r e s t r i c t i o n ,  the pressure drop t o  
f u e l  flow i s  about t h e  same as t h e  pressure drop t o  a i r  flow. 
The flow within the  anode compartment, according t o  t h e  slope of 
t h e  l i n e  i n  Figure 3,  i s  not laminar but i s  i n  the t r a n s i t i o n  
region. 

t h r e e  t o  f ive  inches we. From t h e  e a r l i e r  paper on the  reformei 
cons tmct ion ,  it will be doted tha t  this  f i e 1  pressure i s  r e a d i l y  
obtainable from the  hydrogen generating system. Enough energy 
i s  avai lable  i n  the  reformer f l u e  gas t o  generate steam f o r  
e j e c t i n g  the a i r  required.  
according t o  Figure 2, an e j e c t o r  i s  a convenient technique f o r  air 
movement. I 

I f  extrapolated,  the pressure drops, a t  increased power w 

l eve ls ,  would be q u i t e  high. 
embossing the b ipo la r  p l a t e s  more deeply and shortening the  

1 

l eng th  of the r e s t r i c t i v e  tubing i n  the anode compartment. 

This non-uniformity presents  a problem w i t h  uneven flow 
d i s t r i b u t i o n  within t h e  ba t te ry .  
drops must be used i n  the  experimental u n i t s  f o r  uniform gas 
d i s t r i b u t i o n .  

The pressure drop of the  gas streams within the  ba t t e ry  

m e  pressure drop i n  the present ba t t e ry  design i s  

The pressure drop a t  expected operating conditions i s  

A s  the  air must be heated and humidified, 

I 

This problem can be avoided by 

The p l a t e s  a r e  now pressed manually and a r e  not ident ical .  

Relatively high pressure 

BATTERY PERFORMANCE I 
The i n i t i a l  invest igat ions o f  t h i s  program were performed 

on c e l l s  having an area of four square inches. 
t h e  b a t t e r i e s  i s  b e t t e r  than t h a t  of t& small c e l l s .  This i s  
ciue t o  improved con t ro l  f a c i l i t i e s .  
been constructed and tes ted .  Each has 13 c e l l s  with 1/4 square 
f o o t  of act ive area.  The power i s  nominally rated at  100 Watts 
each when cperated on reformed natural gas and air. 

Performance of 

Four of these b a t t e r i e s  have 
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Hydrogen-Oxygen Performance 

Polar izat ion curves for a 13 c e l l  b a t t e r y  operating on 
Various f u e l  and oxidant gases are shown i n  Figure 4. 
Figure 4 were taken with 500 hours t o t a l  operation on the electrodes,  
and j u s t  after a 100 hour run, t o  minimize t h e  e f f e c t s  of f r e sh  
ca ta lys t .  The hydrogen-oxygen performance o f  t h e  b a t t e r y  at 6OoC 
i s  t h e  standard of comparison f o r  t h e  operating conditions.  When 
these data  a r e  p lo t t ed  IR-free,with each electrode against  a 
reference,  it i s  found t h a t  t h e  anode r eac t ion  is e s s e n t i a l l y  
r eve r s ib l e  over t h e  range o f  current  density. By contrast ,  the  
oxygen electrode shows s u b s t a n t i a l  polar izat ion,  even when the  
c i r c u i t  i s  open. The i r r e v e r s i b i l i t y  of oxygen electrodes i s  well- 
known. It i s  an a rea  f o r  m r t h e r  c a t a l y s t  invest igat ion.  

The data for 

In t e rna l  Res i s  t ance 

Preliminary measurements of t h e  i n t e r n a l  r e s i s t ance  of 
the b a t t e r y  show 0.002 ohms-square foot  f o r  each c e l l .  This 
value w a s  determined by in t e r rup t ing  t h e  load on the  b a t t e r y  and 
instantaneously measuring the voltage r ise on an oscil loscope. 
This r e s i s t ance  f igu re  i s  probably high. More accurate  determinations 
w i l l  be possible  when f a s t e r  b a t t e r y  switching techniques have been 
perfected.  Figure 4 shows a curve for t h e  hydrogen-oxygen 
performance on an IR-free bas i s .  

i nd ica t e  that a neg l ig ib ly  s m a l l  f r a c t i o n  of t h e  i n t e r n a l  
r e s i s t ance  i s  Fn t h e  m e t a l l i c  components of t h e  ba t te ry .  The 
l i q u i d  e l e c t r o l y t e  area r e s i s t ance  i s  0.00046 ohm-square foot 
and t h e  membranes, which a c t  very much l i k e  porous media containing 
25 percent e lec t ro ly te ,  a r e  responsible for t h e  balance. 

Conductivity measurements of t h e  membranes and e l e c t r o l y t e  

Hydrogen-Air Performance 

with air  at the  cathode. The prime disadvantage i n  t h e  use of a i r  
i s  t h e  loss of cathode p o t e n t i a l  because of d i lu t ion .  This 
p o t e n t i a l  loss ranges from 40 t o  80 m i l l i v o l t s  pe r  c e l l  if s u f f i c i e n t  
a i r  i s  used. The voltage lo s s  increases  as c u r r e n t ' i s  increased. 
The loss a t  60 amps per square foot  (ASF) i s  approximately 70 
m i l l i v o l t s  per c e l l  o r  .91 v o l t s  for t h e  bat tery.  A po la r i za t ion  
curve f o r  hydrogen-air operation i s  included i n  Figure 4. 

The l o s s  of cathode po ten t i a l ,  as s t a t e d  above, depends 
upon t h e  use o f  s u f f i c i e n t  air. 
maximum e f f e c t i v e  feed r a t e  - that  is, t h e  point a t  which any 
f u r t h e r  increase i n  a i r  flow does not measureably increase t h e  
electrode poten t ia l .  A determination for t h i s  a i r  flow r a t e  i s  
presented i n  Figure 5. For a single c e l l ,  t h e  a i r  flow r a t e  at 
which a p o t e n t i a l  drop occurs i s  only s l i g h t l y  more than  t h e  
stoichiometric equivalent.  This i s  l e s s  than 20 percent excess a i r  
f o r  300 m i l l i v o l t  drop from a l i n e a r  extrapolat ion o f  t h e  
po la r i za t ion  curve, and l e s s  than 25 percent excess air for 

The goals  of t h e  p ro jec t  require  a system t h a t  operates 

This i s  designated as a 
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100 m i l l i v o l t  drop. 
excess a i r ) ,  no devia t ion  from the  s t r a igh t  l i n e  curve can be 
ob served. 

cur ren t  can flow through t h e  ba t te ry ,  a noticeable improvement 
occurs i n  the  b a t t e r y ' s  performance. 
a t  60 ASF with a decay t i m e  o f  up t o  6 hours depending upon the  
past h i s to ry  of t h e  ba t t e ry .  
t h e  cathode po ten t i a l  almost t o  t he  anode poten t ia l ,  a strongly 
reducing condition i s  produced at t h e  cathode which apparently 
c leans t h e  e l e c t  rode. 

D i lu t e  Fuel Performance 

The product o f  t h e  hydrogen generator  i s  pr imari ly  80 
percent hydrogen and 2 0  percent carbon dioxide, with t r a c e  amounts 
of methane and carbon monoxide. The methane and carbon dioxide 
d i l u t e  the anode feed whereas carbon monoxide has a polar iza t ion  
e f f e c t  which w i l l .  be discussed l a t e r .  

s ince  only hydrogen and carbon dioxide need be considered. The 
concentrat ion e f f e c t s  due t o  t h e  d i l u t i o n  of the  hydrogen are 
shown i n  Figures 6 and 7. 
Figure 4. I n  treating t h e  data,  it i s  convenient t o  def ine a 
u n i t  gas flow rate as a s toichiometr ic  equivalent ( o r  s t o i c h ) .  
This i s  a gas flow equal  t o  t h e  r a t e  at which t h e  reac tan t  gas 
i s  consumed under spec i f i ed  conditions.  For example, with a 
13 -ce l l  ba t t e ry  opera t ing  a t  15 amperes current ,  1 s to i ch  
equals  1460 m i l l i l i t e r s  per  minute of hydrogen. 
t h e  s toichiometr ic  r e l a t ionsh ips .  
and recycle  r a t i o  ( R ) ,  are shown f o r  an 80-20 percent mixture o f  
hydrogen and carbon dioxide.  

simulated by feeding a mixture of t h e  corresponding values of t h e  
pure gases. The average po ten t i a l  l o s s  at  60 ASF was then  calculated 
f o r  each condition. This voltage, expressed a s  m i l l i v o l t s  per  c e l l ,  
appears on Figure 6 nea r  t h e  in t e r sec t ion  o f  t h e  corresponding l i nes .  
The average po ten t i a l  loss i s  s t rongly influenced by excess feed 
and only s l i g h t l y  a f f ec t ed  by the recycle  r a t i o .  

condi t ions was used f o r  average reactant  concentration. A graph 
of  po ten t i a l  l o s s  aga ins t  t h e  average concentration i s  presented 
i n  Figure 7. The co r re l a t ion  i s  good. The th ree  poorest points  
occurred a t  low t o t a l  flow rates. With t h i s  condition, poor 
d i s t r i b u t i o n  between c e l l s  w a s  t he  most l i k e l y  cause, t h a t  i s ,  

Figure 7, there  i s  a wide range of conditions under which t h e  
p o t e n t i a l  loss can be held t o  approximately 20 mi l l i vo l t s  a t  60 ASF. 

Figure 7 i s  p lo t t ed  on semilog paper f o r  convenient 
presenta t ion  of t h e  da t a .  Also included on t h i s  graph i s  the  
l i n e  f o r  the  Nernst Equation which expresses the t h e o r e t i c a l  open 

A t  twice stoichiometric flow (100 percent 

If t h e  oxidant gas supply i s  in te r rupted  b r i e f l y  while 

This may amount t o  .65 vo l t s  

Since this . lack of reactant  s h i f t s  

The inves t iga t ion  of reac tan t  d i l u t i o n  i s  straightforward 

Polar iza t ion  da ta  is  included on 

Figure 6 shows 
Lines of constant f r e s h  feed ( j  ), 

J 
Experimentally, t h e  indicated feed and recycle  r a t e s  were 

The a r i thme t i c  mean of b a t t e r y  in le t  and ou t l e t  

one o r  two c e l l s  behaved d i f f e r e n t l y  from t h e  r e s t .  According t o  i 



-37 - 
CiPCuit po ten t i a l  loss .  
t h e r e  appears t o  be a s ign i f i can t  d i f f u s i o n  problem at 60 ASF current.  
I n  t h e  range of probable operation, without recycle, the concen- 
t r a t i o n  e f f e c t  i s  not la rge .  

A t  low average feed concentrations, 

Figure 4 includes a curve f o r  the po la r i za t ion  of t h e  
13 -ce l l  b a t t e r y  on 80 percent hydrogen-20 percent carbon dioxide 
f u e l  m u r e  vs. air. Approximately 200 percent excess f u e l  was 
used i n  the  co l l ec t ion  of these data. . 

chamber, the  carbon monoxide concentrations of the bactery inlet and 
o u t l e t  gases were measured with a s e n s i t i v e  infra-red analyzer. 
W i t h  an inlet concentration from a bo t t l ed  mixture of 80 percent 
hydrogen-20 percent carbon dioxide containing 3 ppm o f  carbon 
monoxide, t h e  b a t t e r y  o u t l e t  concentration w a s  4 t o  5 p p  of 
carbon monoxide without load. 
the reverse water gas shift r eac t ion  at 60 C i s  20 ppm. 
t h e  flow conditions i n  the  bat tery,  t h e  r eac t ion  does not 
proceed rapidly over the platinum ca ta lys t .  

To check for carbon monoxide production i n  the anode 

The thermodpamic equilibrium Of 
Under 

Performance w i t h  Reformed Natural Gas Fuel 

The purpose of this p ro jec t  i s  t o  achieve s a t i s f a c t o r y  
b a t t e r y  operation on a f u e l  derived from na tu ra l  gas.  
gas o f  t h e  hydrogen generator contains 3000 ppm of methane and 
20 ppm of carbon monoxide i n  add i t ion  t o  t h e  hydrogen and carbon 
dioxide. The methane exer t s  a neg l ig ib l e  d i l u t i o n  e f f e c t  only, 
but the carbon monoxide, even i n  s m a l l  mounts ,  s i g n i f i c a n t l y  
a f f e c t s  t h e  b a t t e r y ' s  operation. It i s  believed tha t  t h e  carbon 
monoxide i s  adsorbed a t  the r eac t ion  s i t e  and r e s u l t s  i n  a 
poisming  e f f e c t .  

The product 

Figure 4 includes a l i n e  f o r  t h e  po la r i za t ion  of  the 
13-ce l l  b a t t e r y  at 6OoC when operating on reformed n a t u r a l  gas 
(RNG) fuel and a i r .  
on RNG f u e l  and inmediately after a 100 hour run at 40 ASF. 
po la r i za t ion  a t  60 ASF i s  1 . 2  v o l t s  for the 1 3  c e l l s ,  o r  l e s s  than 
100 m i l l i v o l t s  pe r  c e l l ,  when compared with pure hydrogen feed. 
As expected from the previous section, t h e  concentration po la r i za t ion  
due t o  t h e  presence of carbon dioxide i s  less than 20 m i l l i v o l t s  
p e r  c e l l .  The remainder i s  due t o  t h e  e f f e c t  o f  the carbon monoxide. 
The maximum power o f  the b a t t e r y  i s  112 watts at 80 ASF. 

The poisoning e f f e c t  j u s t  mentioned has occurred f o r  
6OoC operation. From tests on small c e l l s ,  the e f f e c t  a t  room 
temperature is  approximate18 300 m i l l i v o l t s  p e r  c e l l .  The 
operating temperature of 60 C was selected t o  minimize t h e  
poisoning e f f e c t  without reaching the temperature a t  which the 
f u e l  reduces the  s u l f u r i c  acid t o  hydrogen su l f ide .  

The Long term e f f e c t s  o f  carbon monoxide i n  t h e  feed 
stream a r e  now being investigated.  A t  present,  the t o t a l  operating 
t h e  on reformed n a t u r a l  gas i s  800 hours. 

These data  were taken a f t e r  300 t o t a l  hours 
The 

Apparently, t h e  a n d e  can be rejuvenated by two techniques. 
If the b a t t e r y  load i s  removed f o r  about an hour, t h e  output 
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voltage of an 80-20 fuel mixture i s  produced when t h e  load is  
restored.  Another technique t o  remove the  anode poisoning i s  
t o  short  c i r c u i t  t h e  b a t t e r y  without fuel. In  t h i s  case, t h e  
carbon monoxide apparent ly  i s  oxidized. It i s  not known i f  
either o f  t hese  rejuvenat ion techniques can be repeated 
indef in i te ly .  
f a l l o f f  rate wi th  repeated anode treatment. 

F'UTIJRE IMPROVEMENTS 

approximate ma te r i a l  cost  was $50,000 per ki lowatt  of power 
on hydrogen-oxygen feeds.  
kilowatt  with a n  RNG-air feed. The cost  must s t i l l  be reduced 
s ign i f i can t ly  f o r  th is  me1 c e l l  battery t o  be an  economical 
power source. There are severa l  points  of po ten t i a l  improvement 
i n  t h e  bat tery.  

f o r  a subs t an t i a l  loss of '  c e l l  po ten t i a l .  A majority of t he  
res i s tance  i s  i n  t h e  ion-exchange membranes. Research a t  Ionics 
has produced a membrene which could reduce the  res i s tance  by more 
than half ,  d o u b l i x  t h e  power output. It i s  l i k e l y  t h a t  addi t ional  
ef'fort w i l l  r e s u l t  i n  f u r t h e r  improvements i n  membrane technology. 

There i s  evidence of increasing po ten t i a l  

When t h i s  program was  s t a r t e d  two years ago, t he  

The present cost  i s  $3,000 per 

The e ? e c t r i c a l  res i s tance  of t he  e l ec t ro ly t e  accounts 

Experimental e lec t rodes  w i t h  a g rea t e r  to le rance  f o r  
carbon monoxide a r e  now being studied. These electrodes may 
reduce ' t h e  load on t h e  methanation system of the  hydrogen generator 
and permit lower temperature operation. Improvement o f  t he  
carbon monoxide po la r i za t ion  may be possible  w i t h  increased uni t  
power output. 

b a t t e r y  ma te r i a l  cos t s .  Although the electrodes have a high scrap 
valua, the platinum i s  a hlgh cos t  investment. While it i s  
unl ike ly  t h a t  platinum w i l l  be replaced as a ca ta lys t ,  a t  least on 
t h e  oxygen s ide,  t h e  p o s s i b i l i t y  of a more e f f ec t ive  use of  t he  
ca t a lys t  i s  s i g n i f i c a n t .  Experiments with electrodes using 
d i f f e ren t  amounts o f  platinum indica te  t h a t  t h e  effect iveness  of the 
platinum (at constant  p o t e n t i a l )  increases  s ign i f i can t ly  as  t h e  
platinum loading decreases.  Some success may be expected from 
attempts t o  p lace  small  amounts of ca t a lys t  on the  electrode 
sur face  most favorable  t o  t h e  react ion.  The anode polar iza t ion  
curve ind ica tes  tha t  reduction i n  ca t a lys t  loading may be possible 
now without penal ty  t o  performance. 

Electrode cos ts  are a s ign i f i can t  f r ac t ion  of t he  t o t a l  

The authors  wish t o  thank Southem Cal i fornia  Gas Company, 
Soutnzi-rl Counties G a s  Company o f  Cal i fornia ,  and Con-Gas Service 
Corp., m o  a re  sponsoring t h i s  invest igat ion,  f o r  permission t o  
publ ish these r e s u l t s .  
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THE PERFORMANCE OF SOLID-ELECTROLYTE CELLS AND BATTERIES 
ON CO-Hz MIXTURES; A 100-WATT SOLID-ELECTROLYTE 

POWER SlTpPLYw 

D. H. Archer, L. Elikan, and R. L. Zahradnik 

Westinghouse Research Laboratories 
Beulah Road, Churchill Borough 
Pittsburgh 35, Fennsylvania 

INTRODUCTION 

h e 1  cells employing a Zr02-based electrolyte are 
customarily operated at temperatures around 1000°C in order to 
promote high oxygen ion conductivity in this solid, ceramic 
material. At such high temperatures commercial fuels - coal and 
hydrocarbons - are thermodynamically unstable; they tend to 
crack forming solid carbon and hydrogen gas. 
carbon in solid-electrolyte batteries can be prevented by mixing 
with the incoming fuel a portion o f  the COa and H20 products 
emerging from the battery. 
CO and H2 which are then oxidized in the solid-electrolyte cells 
to produce power. Essentially, therefore, in utilizing 
commercial f’uels solid-electrolyte cells oprate on CO-H2 mixtures. 

Experiments have been performed to characterize the 
performance of solid-electrolyte cells on fie1 gas mixtures 
containing CO, Hz,  COa,  and HzO in various proportions. Open 
circuit voltages have been determined in single cells at various 
emperatures; the measured values of voltage agree with those 
computed from thermodynamic data within 3%. 
the operating voltage of solid-electrolyte cells on the current 
drain ( o r  current density) has also been studied at various 
temperatures for  different fbel mixtures. In general, cells 
operating on CO-C02 mixtures develop less output voltage than those 
operating on H2-H20 because of increased polarization voltage losses. 
The addition of H2-H20 to CO-CO2 mixtures, however, greatly reduces 
these losses. And the insertion o f  a catalyst into the cell which 
pxmotes the shift reaction 

The deposition of 

These gases reform the fie1 producing 

The dependence of 

CO + H20 * C02 + H2 

causes f’urther reduction in the observed polarizations to the extent 
that cell performance on CO-H2 fbel duplicates that on pure H2. 

bell-and-spigot cells of 7/16 in. diameter and 7/16 in. length 
have-been produced. They are leak-tight. Their resistance has been 

Tubular, solid-electrolyte batteries containing 20 

*The work recorded in this paper has been carried out under the 
sponsorship of. the Office of Coal Research, U.S.  Department of 
the Interior, and Westinghouse Research Laboratories. M r .  George 
M i c h ,  Jr. , is head of O.C.R.; .Neal P. Cochran, Director of 
Utilization, and Paul Towson have monitored the work for 0. C. R. 
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Gf oq-:?'en t o  gm-atoms of carbon i n  t h e  f u e l  gas mixture - and n i ,  
t:. :Cfiilar r c t i o  ~ O T  hydrogen and carbon. .' Experimental 
vclues of open-circuit  voltage are p lo t t ed  together  with 
theo re t i ce l  curves i n  Figures 2 and 3.  Except at  n b  = 1 . 0  
(usuzl ly  corresponding t o  pure C O )  and nd = 2.0,  n i  = 0.0 
( p w e  C:&) 1;ihere E, changes very rapidly w i t h  n d ,  Et, values a r e  
!.:i'hln = 3.; of the  predicted values.  
I o be ;.iiti-!in Liie l i n i i t s  of accuracy of t h e  measurements of cgmposition, I 

'L e!::pergi-7ax?2 and voltage involved. 1 

T h i s  agreement i s  considered 

The  sinsle so l id -e l ec t ro ly t e  c e l l  shown i n  Figure 1 was a l so  
us06 I-) deeter- ine  voltaee-current curves f o r  various mixtures of 
C O ,  E2, C02, and H20 a t  d i f f e ren t  temperatures. Some of the 
e: perimen-a1 r e s u l t s  a r e  shown i n  Figures 4-7. 

0,' he c e l l  drops below t h e  open-circuit voltage because o f  res i s tance  
lo s ses  i n  t h e  e l e c t r o l y t e  and electrodes and because of polarization 
v c l t a r e  losses associaied with i r r e v e r s i b l e  e lectrode process. 

IJnen a current  i s  drawn from t h e  terminals,  t h e  voltage 

V = E t - I R - V  P ( 2 )  

where V = t h e  reminal voltage of' the c e l l ,  v o l t s  

determined from Figures 2 o r  3 ) ,  v o l t s  
Et = the open c i r c u i t  voltage of t h e  c e l l  (which can be 

I = t he  load current  passing through t h e  c e l l ,  amperes 

R = t h e  e l e c t r i c a l  r e s i s t ance  of e lectrodes and e l ec t ro ly t e ,  
ohms 

V P = t he  po la r i za t ion  voltage loss, vo l t s .  1 
z 

An approximate value f o r  t he  r e s i s t ance  of the c e l l  shown i n  Figure 1 
can be computed from 

? 

R = Pbbb/Ab + ( Pe/de) ( Le/p,) 

Tihere pb = e l e c t r o l y t e  r e s i s t i v i t y ,  about 70 ohm-cm a t  1000°C 

( 3 )  
I' 

d b  = e l e c t r o l y t e  thickness,  0 .09  em 

Ab = a c t i v e  c e l l  area, 27.6 cm2 

pe/b, = r e s i s t i v i ty - th i ckness  quotient for the c e l l  electrodes, 

Le = mean d i s t ance  traveled by the e l ec t ron ic  current i n  the 

estimated t o  be 0.8 ohms 

e l ec t rodes  passing from the  p lus  t o  the  minum terminal 
of the  c e l l ,  estimated t o  be 4 cm 

Pe = mean width o f  the electrode perpendicular t o  the  d i rec t ion  
of e l e c t r o n i c  current flow, calculated as 3.4 cm 

r 
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R = C(70)(0.09)/27.61 + [(0.8)(4/3.4)1 

= 0.23  ohms + 0.94 ohms 

= 1 . 2  ohms; 

The c e l l  res i s tance  has a l s o  been determined by measuring the  voltage loss 
over t he  c e l l  while passing a current  w i t h  a i r  a t  both inner  and outer  
e lectrodes.  
i s  termed t h e  air-air res i s tance .  Generally, t h i s  r e s i s t ance  value 
checks t h e  res i s tance  as computed above. 
construct ion the air-air r e s i s t ance  of  t h e  c e l l  o f  Figure 1 checked 
the calculated resis tance.  Before t h e  data f o r  Figures 4-7 were 
obtained - t h ree  months later,  the e l e c t r o l y t e  component of c e l l  
r e s i s t ance  had gradually doubled. Presumably, the ac t ive  ce l l  
area had decreased t o  about one-half t h e  supe r f i c i a l  e lec t rode  
area.  

Values of t he  po la r i za t ion  vol tage Vp have been computed 
by Equation 2 from data of the  type presented i n  Figures 4-7. For 
these computations t h e  a i r - a i r  r e s i s t ance  values  were used, and 
Et values  were corrected by the use of Figures 2 and 3 where 
the c e l l  current  produced any appreciable  change i n  n&, t h e  oxygen 
content of t h e  f ie1 stream passing through the c e l l .  Table 1 
presents  the V 
i n  t he  simplifyed Tafel  equation3 

The constant slope of  t h i s  curve at h i&er  current  dens i t i e s  

Immediately after i t s  

values  and a l s o  g ives  derived values  o f  a n  and i o  

where a i s  an empir ical ly  determined f r ac t ion  of the e l e c t r i c a l  
work output by which the  free energy of ac t iva t ion  i s  
increased. A n  a value of about 0.5 i s  usua l ly  assumed 
i n  cases  where spec i f i c  knowledge i s  lacking. 

n i s  the  number o f  e l ec t rons  transferred f o r  each occurrence 
of the  i r r e v e r s i b l e  event causing the polar iza t ion  vol tage 
loss ;  n i s  assumed t o  be 2 i n  the electrochemical oxidat ion 
of co. 

I\ 

i i s  the  current  dens i ty  I/Ab,  amperes/cm2. 

io i s  the  exchange current  densi ty ,  the  equal but opposite rates 
a t  which the  polar izat ion-causing process and i t s  reverse  occur 
a t  open c i r c u i t  (assuming a r eve r s ib l e  e lec t rode  a t  t h i s  
condi t ion) .  

I 

I The following general  observations can be msde based on the  

\ ‘  

i 
data  f o r  pure, dry CO-C02 fuel mixtures presented i n  Figures 4-6 and 
Table 1: 

1) Polar iza t ion  lo s ses  i n  so l id -e l ec t ro ly t e  c e l l s  w i t h  
conventional e lec t rodes  are much g rea t e r  than those 
observed w i t h  H2-H20 fuel. 

increasing temperature. 
2 )  Polar iza t ions  w i t h  CO-C02 tend t o  decrease w i t h  



1 

-46- 

determined by passing a current  through t h e  ba t t e ry  with a i r  at  

measured with pure H2 and with H2-CO mixtures a s  f i e l ,  and w i t h  
a i r  as t h e  oxidant. Over twenty-four of these batteries have 
been t e s t ed .  
and t h e i r  power output,  6 .7  f 0.8 watts. 
have been assembled i n t o  a system which produces over 100 watts 
v i t n  HZ or H2-CO fuel and a i r .  

both electrodes,  and their  fuel c e l l  performance has been I 
I 

i Their  average i n t e r n a l  r e s i s t ance  i s  8 . 2  f 1.8 ohms; 
Twenty of these b a t t e r i e s  

OPEN-CIRCUIT VOLTAGES 1 
( 

A s ingle  so l id -e l ec t ro ly t e  c e l l  has been employed t o  1 
measure t h e  open c i r c u i t  vol tages  developed by mixtures containing 
CO, H2, C O 2 ,  and H20 i n  var ious amounts. T h i s  c e l l  was fabricated 
by applying conventional, sintered-platinum e lec t rodes  outs ide and 
in s ide  of the  c e n t r a l  por t ion  of a tube of ( Zr02  ) o .  85 ( C a O )  o .  15 
e l e c t r o l y t e  mater ia l  as shown i n  Figure 1. A platinum screen w a s  placed 
i n  t h e  tube t o  serve a s  a current  co l l ec to r .  A c e l l  l ead  wire was 
at tached d i r e c t l y  t o  t h i s  screen. Platinum wires were womd around 
t h e  e lec t rode  on t h e  outs ide  of t he  tube and could be used either as 
cur ren t  leads or as vol tage  probes. 

I 

I 

Fuel mixtures obtained by mixing varying amounts of pure 
hydrogen w i t h  premixed CO-CO2 mixtures flowed ins ide  the  tubular  c e l l ,  
which was maintained a t  the  desired temperature i n  an e l e c t r i c a l l y -  

i 
! heated furnace. An a i r  atmosphere surrounded the  tube. 

The thermodynamically pred ic ted  open-circuit  vol tage 4 
of t h e  c e l l  can be ca lcu la ted  by 

\ 
), where 4F = 4( the  Faraday number) = quant i ty  of charge t ransfer red  / 

per mole of 02 passing through t h e  e l e c t r o l y t e  386,000 ' ,  

1 
coulomb s/mole 

R = universal  g a s  constant ,  8 .134 watt-sec./OK mole 

T = absolute  temperature of ce l l JoK 

= the  p a r t i a l  p ressure  of oxygen i n  t h e  air  surrounding the  

= the partial  pressure  of oxygen i n  t h e  f ie1  gas  atmosphere 
within t h e  cell .  

! P ~ 2 J a  ce l l ,  0 . 2 1  a t m .  

The value of Poz can be ca lcu la ted  from the composition o f  t he  h e 1  

by standard thermodynamic methods. " If the  water gas equilibrium, I 

. CO + H 2 0  t COz + H2 

is  achieved i n  t h e  c e l l ,  then the  f'uel composition, Po2 , f J  and hence 

Et can be determined from two parameters.n& - t h e  r a t i o  of gm-atoms 
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3 )  The CO-COB polar izat ions decrease with decreasing 
ve loc i ty  of f u e l  flow. 

4) Polar izat ions tend t o  increase more rapidly w i t h  
current a t  f u e l  compositions where the Et - nd 
curve i s  sharply dropping; conversely the polar izat ion 
voltage loss tends t o  remain more nearly constant with 
varying i a t  CO-COB fuel compositions where the  E t  - nd 
curve i s  horizontal .  

5) The an values i n  t h e  Tafel equation average about 1 .0  
as m i g h t  be expected from simple theory which assigns 
a the  value 0.5 and n the  value 2. For the 
p a r t i c u l a r  c e l l  employed i n  t h i s  invest igat ion the 
exchange current dens i t ies ,  io, averaged about 0 .7  
milliampere/cm2. Insu f f i c i en t  data are ava i l ab le  t o  
draw any f i r m  conclusions about t rends of  an and io 
w i t h  operating conditions i n  the c e l l .  

The data presented i n  Figures 6 and 7 demonstrate t ha t  
small quant i t ies  of hydrogen added t o  CO-C02 g r e a t l y  reduce 
polar izat ion voltage losses .  
the  performance of the  c e l l  i s  e s s e n t i a l l y  t he  same as  w i t h  
pure Ha. A hydro en content of 5 mol $ i n  a CO-H2 mixture 
flowing at 1 . 0  cc7sec w i l l  alone support a current of 400 
milliamperes; a t  t h i s  current the observed value of V from Figure 7 
i s  about 0.15 v o l t s  i f  the e f f e c t  of  current on n& an8  hence on E t  
i s  considered. A t  a t o t a l  current of over 1000 milliamperes 
(equivalent t o  about 40 rnilliamperes/cm2) t h e  c e l l  po la r i za t ion  
voltage l o s s  has r i s e n  only s l i g h t l y  t o  0.20 v o l t s .  I f  the 
current  i n  excess of 400 milliamperes were supported by t h e  
oxidation of CO, the data of Table 1 ind ica t e  tha t  po la r i za t ions  
lo s ses  i n  excess of 0.30 v o l t s  could be expected at 1000 milliamperes. 
Apparently, t h e  water gas s h i f t  process, 

With a hydrogen-carbon r a t i o  n i  = 0.5 

CO + H20 - CO2 + H2 , 

has provided s u f f i c i e n t  hydrogen t o  maintain c e l l  polar izat ion losses  
low. 

To inves t iga t e  flrrther the e f f e c t  of hydrogen addi t ions 
on the  polar izat ion l o s s e s  associated w i t h  CO-CO2 fuel mixtures - a 
th ree -ce l l  bat tery,  i l l u s t r a t e d  i n  Figures 8 and 9, was u t i l i z e d .  I n  
operating on hydrogen and a i r  t h i s  b a t t e r y  had higher r e s i s t ance  than 
is  usual ly  encountered i n  so l id -e l ec t ro ly t e  batteries of t h i s  t ~ - p e * ’ ~  
but polar izat ion losses  were neg l ig ib l e  as shown i n  Figure 11. 
operating on CO-CO2 and a i r ,  however, polar izat ions were observed as 
shown i n  Figure 11 and i n  Table 2. 
from the data are i n  good agreement wi th  those obtained wi th  the  
s ingle  c e l l .  
mixture and t h e  obsemred open c i r c u i t  voltage per c e l l  i n  the ba t t e ry  
i s  about 0 . 2 3  v o l t s ;  t h e  Tafel equation ind ica t e s  t h a t  such a 
polar izat ion corresponds t o  a current densi ty  of 6 .2  milliamperes/cm2 

I n  

The Tafel constants derived 

The difference between Et f o r  the  CO-CO2 f’uel 
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( or 12 mill iamperes/total  cu r ren t )  passing through the  c e l l s  a t  
open c i r c u i t .  This  currer,t i s  a t t r i b u t a b l e  t o  shunt paths i n  the  
seal regions. 

In a successful  e f f o r t  t o  reduce polar izat ion losses ,  the 
CO-COa fuel stream was humidified by passing it through a water 
bz-h at room temperature. At most 3 mol $ H20 was added t o  f’uel 
sxream. A ca t a lys t  material, Cr203, was s in t e red  on t h e  outs ide of 
n e  rfuel feed x b e  and /placed i n  the  batter;r as  shown i n  Figures 

10 aiid 8. The performance o f  t he  b a t t e r y  is  shown i n  Figure 11. 
( C a h l y s c  Tubes 1 and 2 d i f f e r  s l i g h t l y  i n  the  quantity of Cr203 
appl ied L O  ,he tube and the conditions of s i n t e r i n g . )  Essen t i a l ly  
tne perfomance curves f o r  the CO-CO2 h e 1  mixture d i f fe r  from the 
H2 lluel curve only by an amount equal t o  th ree  - for t h ree  c e l l s  - 
-irr.es t5e  difference i n  Et for the  d i f f e r e n t  f i e l s ;  CO-C02 mixtures 
can be u - i l i z e d  i n  s o l i d - e l e c t r o l y t e  c e l l s  with low po la r i za t ion  
losses i f  sone H2 or H 2 0  i s  present and i f  a su i t ab le  s h i f t  ca t a lys t  
i s  employed. 

Additirjnal experience on t h e  performance of CO-H2 fie1 
It1ivILures a t  hi;her cu r ren t  d e n s i t i e s  has been gained by a series o f  
tes:s on a 20 -ce l l  s o l i d - e l e c t r o l y t e  b a t t e r y  whose construction 
and H2-air performance have been previously described. The two 
H2 performance curves o f  Figure 1 2  check w i t h  predict ions based on 1 

the calculated c e l l  r e s i s t ance  and on the  va r i a t ion  of the  open 
c i r c u i t  voltage Et wi th  the  composition of t h e  h e 1  as it i s  gradually 
oxidized along the  l eng th  of t h e  ba t te ry .  Po la r i za t ion  voltage lo s ses  
a r e  apparently negl ib le .  The CO-H2 performance curve was obtained 
IriThou+, any s h i f t  c a t a l y s t  present i n  the  ba t t e ry .  The voltage with 
the CO-H2 mixture a t  a current  dens i ty  of 450 rnilliamperes/crn , 0.9 
ampere, i s  0 . 1  of a v o l t  per c e l l  less than with pure hydrogen a t  the  
same ne t  flow of H2, 3 cc/sec. It can be expected t h a t  t h e  addi t ion 
of c a t a l y s t  w i l l  b r ing  about appreciable improvement of t h i s  20-cell  
ba t te ry .  

I 

TWElLTY-CELL BATTERIES 

Twenty-five b a t t e r j e s  i d e n t i c a l  i n  construction t o  the  one whose ’ 
performance i s  presented i n  Figure 12 have been fabricated and tes ted .  
A l l  except one proved l eak - t igh t .  A t  t he  operating temperature of  
1000°C ba t t e ry  air-air  r e s i s t a n c e  - t he  voltage loss  divided by the  
current  value of 1 . 0  ampere - ranges from 6 . 4  t o  9 .4  ohms; the  
average and root  mean-square deviat ion values are 7.8 * 1 . 0  ohm. 
This average b a t t e r y  r e s i s t a n c e  i s  about 30% g rea t e r  than the 
value calculated from the e l e c t r o l y t e  r e s i s t i v i t y  and e l e c t r d e  
resistance/thickness values.  The open c i r c u i t  voltage developed 
by these b a t t e r i e s  on H2 or H 2 - C 0  f’uel and a i r  ranges between 19 and 
2 0  vo l t s ;  l o s ses  i n  t h e  generated voltage of t h e  so l id -e l ec t ro ly t e  
bell-and-spigot c e l l s  due t o  shunt currents  i n  the  seal region5 
a r e  thus less than 7$ o f  the  r eve r s ib l e  voltage.  The maximum power 
output of Lhe b a t t e r i e s  i s  6 .7  * 0.8 watts with complete combustion 
of H2 f u e l  a t  about 0.87 amperes o r  435 milliamperes/cm2. 

f 

I 
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1 The resis tance,  open c i r c u i t  voltage,  and power output of 

I 
b 

these b a t t e r i e s  a r e  i n  reasonable agreement with t h e o r e t i c a l  
calculat ions.  
y i e l d  a reasonably uniform product. 

And the methods used i n  f ab r i ca t ing  t h e  b a t t e r i e s  

100-WATT SOLID-ELECTROLYTE FU&-CEL;L POWER SUPPLY 
i 
used t o  construct a 100-watt so l id -e l ec t ro ly t e  f i e l - c e l l  power 

diameter metal base p l a t e  ( s e e  Figure 1 4 )  which provides support 

Twenty of t h e  20-cel l  b a t t e r i e s  described above have been 

\ Supply shown i n  Figure 13. The b a t t e r i e s  are mounted on a 4.5 in .  

I and manifolding f o r  up t o  twenty-four b a t t e r i e s .  The flow t o  each 
i b a t t e r y  from t h e  f u e l  plenum i s  regulated by a f i n e  needle valve - 

q one of which i s  shown on Figure 1 4 .  The valve posi t ion push rods 
a r e  adjusted t o  equalize the  flows t o  t h e  b a t t e r i e s .  The f u e l  

1 flows up the  feed tube t o  the  top of the bat tery;  i t  then f l o w s  
1 downward ins ide  the tube of c e l l s  react ing w i t h  the oxygen which 
; passes through the  e l e c t r o l y t e  a s  current i s  drawn from the  bat tery.  
I The combustion products a r e  carr ied down i n t o  the  upper plenum 
I of the  base p l a t e  and then i n t o  t h e  exhaust pipe. 

A i r  surrounds the batteries inside t h e  3-zone fkrnace ‘ ( s e e  Figure 13) which i s  used t o  maintain the  c e l l s  at the desired 5 operating temperature. P lugs  of i n su la t ion  5 in .  i n  diameter and 
: 4-1/2 in .  t h i ck  a r e  used t o  reduce heat losses  from the  t o p  and bottom 

of t h e  cy l ind r i ca l  heated region of the f i rnace.  The temperature 
d i s t r i b u t i o n  throughout the  batteries i s  indicated i n  Figure 15; the 
s m a l l  c i r c l e s  represent individual  b a t t e r i e s  i n  a plan view o f  t h e i r  
arrangement i n  t he  furnace. A t  the  top a r e  t h e  temperatures of the 

1 uppermost c e l l  i n  t h ree  b a t t e r i e s  indicated by Pt -Pt - lO$ Rh 
I thermocouples. The middle temperatures a r e  those on the t e n t h  c e l l  
I from the  top; a t  the  bottom a r e  shown temperatures of the lowest c e l l s  ‘ i n  the b a t t e r i e s .  
: \ \reading on a ba t t e ry  opposite t h e  
kfurnace the  temperatures are within &3O0C of the average value. ’ Even better uniformity can be achieved by a more caref’ul adjustment 

f 

i 

With the  excepthon of one low temperature 
crack” of the sp l i t - t ube  

of the  heat input t o  the various sect ions of t he  furnace. 

each group the  b a t t e r i e s  are e l e c t r i c a l l y  connected i n  ser ies .  
two groups, each containing 200 series-connected c e l l s ,  are used 

‘ t h i s  power supply i s  shown i n  Figure 16. The open-circuit  voltage i s  
‘200 vol t s ;  the  maximum power i s  102 w a t t s  a t  1 . 2  amperes wi th  HE flow 

. i n  p a r a l l e l  t o  supply power t o  the  load. The e l e c t r i c a l  performance of 

t. ,at a rate corresponding t o  2 . 1  amperes. This  power output i s  
about 20% lower than tha t  which might be expected from the 
measurements of the power output of s ing le  b a t t e r i e s .  A reduciion 
i n  temperature of b a t t e r i e s  caused by heat lo s ses  through the  s p l i t ”  
i n  the f’urnace and a non-uniform d i s t r i b u t i o n  of a i r  flow through t h e  
b a t t e r i e s  have been shown t o  cause i n  p a r t  t h i s  reduction i n  power. 5 With excess H2 flow, the  performance of the b a t t e r y  i s  improved as shown 

, i n  Figure 17 aqd a maximum power of 110 w a t t s  i s  achieved. 

of generating f’uel-cell power by means of banks of so l id -e l ec t ro ly t e  

1, 
The twenty b a t t e r i e s  a r e  divided inr;o two groups of ten; i n  

The 

I 
< The 100-watt  power supply demonstrates the f e a s i b i l i t y  

, b a t t e r i e s .  This, p lus  the  demonstrated a b i l i t y  of t h e  b a t t e r i e s  t o  produce 

, 
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p o m r  e f f i c i e n t l y  from carbon monoxide - carbon dioxide - water - 
nydro.:en a i x t u r e s  wi th  the  employment of a chrome oxide ca t a lys t  , 
deiyonstrates ;he t echn ica l  f e a s i b i l i t y  of generat ing t h i s  power 
from coal .  1 

I 
,i 

4 

1 
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Table 2 

Polarization Voltage Losses w i t h  CO-CO, i n  a Three-Cell 
Solid-Electrolyte Battery 

Fuel: 90 mol 3 CO, 10 mol $ Co2 
n' = 1.1 
5 3  cc/sec 

Oxidant: a i r  
Temperature : 1000°C2 

Cel l  area (ac t ive) :  2.0 cm 

2 Current density, I/AB = i, milliamperes/cm : 25 50 100 150 
Polarization o l tage  loss, V volts:  0.37 0.44 0.51 0.55 

P' 

2 Derived Tafe l  constants: on = 0.92 
. io = 0.6 milliamperes/cm 

i 

J 
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Fig. 1-Schematic cross section of fuel cell TCf8 
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Fig. 2 -Generated voltage of a fuel cell using a C-0 fuel 
mixture as a function of fuel mixture composition 
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Fip 3 --Generated voltage of a fuel cell using a C-H-O fuel mixture at 
1060°C as a function of fuel mixture composition 
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Fig. 10-Fuel feed tube for three-cell batterywith Cr203 catalyst coating 
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Fig. 15-Battery temprature  distribution as a function 
of axial position --at operating temperature 
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Fig. 16-100-watt battery performance before and after increasing a i r  flow 
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Fig. 17-Performance of 100-watt solid-electrolyte fuel-cell power system 
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ALCOYOL A I R  FVEL CELLS - DEVSLOPb'IENT AND APPLICATION 
Pi. Vielstich 

Institiit f u r  Phvsikz: ische Chemie der Universitgt Bonn 

INTRODUCTION 

Taitelbaum ( 1 )  in 1910 was the first to convert the chemical 
energy of liquid fuels (e.g. petroleum, stearic acid and 
starch) in a galvanic cell into electricity. But the use of 
fuels like alcohols or aldehydes was proposed many years la- 
ter by Xordesch and Marko (2) and by Justi et a1 (3). 

Kordesch and !.lark0 studied the system formaldehyde/air. The 
cell with the alkaline o r  acid electrolyte contains an oxy- 
gen diffusion electrode and a porous fuel electrode. The 
fuel o r  fue1,'electrolyte mixture penetrates the fuel electro- 
de  from the back.  In this manner an enlargement of the two 
phase boundary is obtained. Idoreover, under proper operating 
conditions the fuel concentration is relatively small in the 
vicinity of the oxygen electrode, even if no diaphragm is 
use'. T!iis is pslrticularly important if the oxygen electrode 
contains a aetal which catalyses the fuel reaction. 

In an other metho? of-construction the alcohol i s  dissolved 
in the electrolyte and both electrodes dip into the fuel- 
electrolyte mixture ( ? , a ) .  
The use  of liquid fuels in general obviates the need for a 
three-phase boundary, and thus facilitates the construction 
of the fuel electrode. An additional advantage is that the 
fuel can be brought to the catalytic electrode in high con- 
centration. Thus, if the reaction is fast enough, high 
current densities can be obtained (up to 1 A/crn2 at room 
temperature). Such battery systems can be used conveniently 
for maintenance-free, continuous operation if air at ambient 
temperature and pressure is supplied to the oxygen electrode. 
Some examples of this type of fuel cell are discussed in the 
following. 

- 1  

i 
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NETIWBOL A I R  CELL FOR OPEIiATION AT LOW CUS3ENT D E N S I T I E S  

General Remarks 

\ In recent experiments ( 5 , 6 )  it has been shown, that the anodic 
oxidation of methanol proceeds via formaldehyde, and formate 
or formic acid respectivly. On open circuit at platinum metal 
electrodes one observes a hydrogenation/dehydrogenation- 
equilibrium ( 7 ) ,  while under load also methanol is not electro- 
chemically active itself. At potentials p c  + 400 mV versus 
the H2 potential in the same solution a preliminary dehydro- 
genation takes place. At more positive potentials the fuel 
reacts with the oxygen which has been chemically adsorbed by 
the electrode surface ( 8 , g ) .  Therefore, a suitable combination 
of catalyst, electrolyte and temperature has to be arranged to 
obtain the required current density in the desired potential 
range over the total oxidation up to C o 2  or COj 
In this connection two problems have to be solved when using 
an alkaline solution, which is the most suitable electrolyte 
for practical cells. 

-- respectively. 

B 

(i) An appreciable enrichment of formate has to be avoided: 
the use of mixed platinum and palladium catalysts is 
one possible solution ( I O )  

(ii) ,The electrode polarization increases with the concen- 
tration of CO -ions at current densities j > 5 - 10 

mA/cm2 at 20 - 50°C (11) .  To obtain a flat voltage/ 
time curve over the i;otal capacity of 6 electrons per 
molecule (i.e. CH30H + 8 OH-- COj 

exceeded, 

-- 
3 

-- + 6 H 2 0  + 6 e-), 
\ the critical current density should not therefore be 
I 1  

1 
I 

Experimental Results with Laboratory Cells 
\ 
\\ For the investigation in the laboratory glass vessels con- 

taining 1 liter of electrolyte/fuel mixture ( I O  N KOH and 
4.5 I L  methanol) were used. KOH is used because cells with 
Ma03 have higher polarizations, particularly on the oxygen 
side. The KOH concentration is chosen in such a manner that 
even after conplete reaction of the fuel the OH--concentration 
w i l l  be 1 - 2 molar. 



. .  
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Platinum on a porous carrier was found to be a better catalyst 
than Raney-nickel. Up to now 2 - 5 mg Pt/cm have been used, 
At this fuel electrode the oxidation potentials for methanol 
and formate up t o  current densities of 5 mA/cm* are about the 

methanol as fuel is very low. This reaults in a flat voltage- 
time curve (see Fig. 1 ), 

Since, for the intended application (see below), only a few 
mA/cm are needed, porous carbon without metallic additions 
is used on the oxygen side. Plate-like or cylindrical electro- 
chemically active carbon electrodes (surface area: 250 cm ) 
a r e  made hydrophobic with polyethylene dissolved in benzene to 
such a degree that the methanol/electrolyte mixture will not 
penetrate through the electrode even after 10.000 hours (the 
thickness o f  the electrode plates is 5 - 10 mm).  

The EMF of this methanol/air cell is about 0.9 volt; at a 
current drain of 0.5 amp the terminal voltage is 0.75 - 0.6 
volt. For short periods of time 2 amps can be withdrawn at 
0.6 - 0.5 volt. The long term experiments are performed ta- 
king into consideration that the end use will be periodic 
loads (2 seconds at 0.5 amp and 4 seconds O.C.). The perio- 
dic current interruption not only makes the diffusion of air 
easier but it also increases the life time andpreserves the I 

activity of the fuel electrode. 

2 

same, So the formate content of the electrolyte when using /. 

2 

2 

Typical discharge curves are shown in Fig. 1. The difference 
between theoretical and experimental current yields can be 
explained on the basis of analysis of the electrolyte by eva- 
poration of methanol through the porous carbon. The analysis 
also shows that the diffusioi of C02 from the air through the 
carbon can be neglected. 

The influence of temperature on the oxidation rate at constant 
electrode potential is very pronounced. Current density-poten- 
tial plots obtained after operation for one day at 10 mA/m 
are given in Fig. 2. 

1 

2 
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D i s c u s s i o n  

The s p e c i a l  f e a t u r e  o f  a m e t h a n o l / a i r  c e l l  as d e s c r i b e d  above 
i s  a h igh  Ah-capacity p e r  u n i t  volume o r  p e r  u n i t  weight :  
5.000 A h / l i t r e  me thano l ,  up t o  1.000 Ah/l f u e l - e l e c t r o l y t e  
m i x t u r e ,  o r  abou t  3 kg/kWh f o r  a n  o p e r a t i n g  time 6.000 hours .  

The e x p e r i m e n t a l  r e s u l t s  r e v e a l ,  however,  t h e  f o l l o w i n g  d i s -  
advan tages  : 

( i )  The c u r r e n t  d e n s i t i e s  a t  t h e  f u e l  e l e c t r o d e  a t  ambient 
t e n o e r a t i i r e s  a r e  r e l a t i v e l y  low,  i f  small amounts o f  
n o b l e  m e t a l  c a t a l y s t s  a r e  used. 

The v a p w p r e s s u r e  i s  unfavcumble f o r  modera te  tempera- 
t u r e  a p p l i c a t i o n s .  

( i i )  

( i i i )  Y i th  d e c r e a s i n g  t e n p e r a t u r e  t h e  power o u t p u t  o f  t h e  c e l l  
d rops  c o n s i d e r a b l y .  

FCWIC A C I D  AYD FORirATE A S  FUEL 

Anodic o x i d a t i o n  o f  fo rmic  a c i d ,  n a t u r e  o f  t h e  i n t e r m e d i a t e  
p r o d u c t  

In . , a . c id  e l e c t r o l y t e s  rne,thanol and formaldehyde  z r e  l e s s  r eac -  
t i v e  t h a n  f o r m i c  a c i d  (9,12,13).  The o x i d a t i o n  rate a t  2oten-  
t i e l s  y< 0.5 v o l t  ( v s .  SHZ) i s  de te rmined  by t h e  p o i s o n i n g  
e f f e c t  of a n  i n t e r m e d i a t e  p r o d u c t .  The p a r t i c l e s  adsorbed  a t  
a F t - e l e c t r o d e  a r e  p r o b a b l y  forr?.a.te r a d i c a l s  E n d - c e r t a i n l y  n o t  
car’bon monoxide o r  o x a l i c  a c i d  ( 1 4 ) .  A p o t e n t i o s t a t i c  p o t e n t i a l  
s c a n  i s  e s p e c i a l l y  s u i t e d . t o  g i v e  2 q u a l i t a t i v e  v iew o f  t h e  
r e a c t i o n  n e c % a c i s n .  Pi:;. 3 shows t h r e e  c u r r e n t  Gca.1:s d u r i n g  t h e  
a.noc?ic scan .  .‘?he f i r s t  iaxirn1.m i s  ?.ue .to t h e  r e a c t i o n  s t e p ’  ( 1 4 )  

I n  t l ie  r e g i o n  o f  t h e  second c.nd t h i r d  ?eaks  t h e  r u e 1  r e a c t s  
..:-ith checisorbec! oxygen as d e s c r i b e d  above f o r  tlie n e t h a n o l  
o x i d a t i o n .  The adso rbed  i n t e r n l e d l a t e  t o o  i s  o x i d i z e d  i n  t h i s  
n o t e ~ i t i a l  renge .  P ig .  4. c l e a . r l y  de rzons t r a t e s  tkie p o i s o n i n g  
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effect of the adsorbed product on a smooth platinum electrode I 
k 

at 0.5 volt. I 
I S  

'! Application of a mixed Pt/Ru-catalyst i 
$ <  t Recently Frumkin (15) has discovered that the use of a mixed 

platinum ruthenium catalyst diminishes the poisoning effect. 
This has been confirmed by the following experiment. An active 
carbon electrode (geom. surf. 24 cm , 12 m g  Pt-metal/cm ) was 
prepared (a) with 3 $ Pt (b) with 3 $ Pt/Ru (9:l) ratio by 
weight. The current densities observed at the two electrodes 
at 0.5 volt were for electrode (a) 2 mA/cm and for electrode 
(b) 10 mA/cm . In a long duration experiment with an HCOOH/ 
air cell (50cm 
using the two types of electrode was about 3.  The current 
yield which is about the same for the two cells is surprisingly 
low, less than 20 $ on a 2 electron/molecule basis. 

Formate ion-oxidation on mixed noble metal catalysts 

r! 
'1 

2 2 

2 

2 
2 elect'rodes, 2OoC) the ratio of power outputs 

In early investigations,of the anodic oxidation of methanol in 
alkaline solution with Raney-nickel (9) or platinum (6,lO) 
electrodes formate ion was usually found as the primary oxi- 
dation product. The further oxidation of the formate ions 
occured at a less favourable potential. Grimes and Spengler 
(lo), however, have observed that the use of mixed platinum 
and palladium catalysts allows the complete oxidation of me- I 

L 
nickel substrate as anode (9 mg Pd/Pt (5:l)/cm ) produced 
twice the power output of a similar methanol cell at the 

1 

1 

I 
thanol to carbonate. A formate ion/oxygen fuel cell with a 

2 

id same temperature. 
i 

$ These results demonstrate that the oxidation rate of formate 
ions is very sensitive to the composition and the structure 
of the metal catalyst. Moreover, the electrocatalytic effects 
are different for formate ion and methanol. 8 ,  

Our studies have shown that the formate Oxidation rate on 
platinum and palladium alloys varies over more than two orders 
of magnitude. The formate oxidation has been investigated on 
a series of smooth metal electrodes by use of the potentiosta- 

?. tic scanning method. An example of the current voltage d i a -  

, .  
. .  

. . . . . . . -. - . -- , '  - .  .-... ... . 
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grams obtained in 6 N KOH + 4 M HCOOH is given in Big. 5. 
The height o f  the high anodic current peak (during the anodic 
scan) is taken as measure of the catalytic activity of the 
metal. The activity of the metal surface is controlled by the 
potential range covered and the scanningspeed (100 mV/sec). 
Fig. 6 shows the strong influence of the electrode material 
on the peak current density for 20 and 4OoC. 

The relationship between electroqe material and current den- 
sity obtained offers of course only a first insight into the 
selection of the most suitable catalyst. In battery practice 
one has to deal with porous electrodes and continuous dischar- 
ge Therefore factors other than metal composition are also 
important. 

In preliminary tests of formate ion/air cells about 10 times 
the power output compared with methanol as fuel has been ob- 
served. Continuous discharge at 20 mA/cm2 at 20°C is readily 
0 btained. 

Di's cus si on 

By use of mixed Pt/Ru-anode catalysts the power output of a 
HCOOH/air cell at ambient operating conditions is of the same 
order as that of an alkaline methanol/air cell. The reaction 
product of the formic Bcid cell is C02 and therefore electro- 
lyte renewal is not required. On the other hand one needs for 
both electrodes noble metal catalysts. Another disadvantage 
is the high rate of the current-less decomposition. The in- 
fluence of the current density on the reaction yield has not 
yet been investigated. 

Due to the moderate current densities at ambient temperature 
a n d  pressure the formate ion/air cell with mixed Pt-metal 
catalysts at the fuel electrode offers a new field of appli- 
cations. In contrast to methanol the vapour pressure is low, 
80 that operating temperatures up to 100°C can be used. Com- 
pared t o  methanol, however only 2 electrons per molecule are 
obtainable. 

1 

.. 
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CXP7?II-ZWTS X T 3  GLYCOL AS FUEL 

I n  a c i d  e l e c t r o l y t e s  t h e  anod ic  o x i d a t i o n  o f  g l y c o l  l e a d s  t o  
C02 as end p r o d u c t .  The working p o t e n t i a l  i s ,  however,  l e s s  
f a v o u r a b l e  t h a n  w i t h  fo rmic  a c i d  as f u e l  ( 9 ) .  The o x i d a t i o n  
a t  a l k a l i n e  pH r e s u l t s  i n  t h e  f o r m a t i o n  of  o x a l a t e .  But a t  
moderate  t e m p e r a t u r e s  ( 6 0  - 9 0 ° C )  a s t r o n g  dehydrogenat ion  
t a k e s  p l a c e  

-- 
‘2’4 + Had CH20H-CH20H + 2 OH- 

8 Had + 8 OH- - 8 H20 + 8 e- 

and c u r r e n t  d e n s i t i e s  up t o  600 mA/cm2 c a n  be o b t a i n e d  ( 9 , 1 6 ) .  

Griineberg e t  a1  ( 9 , 1 6 , 1 7 )  have developed a g l y c o l / a i r  c e l l  
ope-2tir.g a t  emlsient t e m p e r a t u r e  and p r e s s u r e .  

T?’e a i r  e l e c t r o d e  was p r e s s e d  from a c t i v a t e d  carbon and poly-  
e t ’?ylene powder (500 kg/cm , 1 6 O o C )  and b u i l t  up i n  two l a y e r s .  
?he l a y e r  an t h e  e l e c t r o l y t e  s i d e  w a s  made on ly  weakly hgdro- 
phobic  and c o n t z i n e d  kg20 as c a t a l y s t .  The e l e c t r o d e  had s u c h  
good n e c h a n i c a l  s t a b i l i t y  t h a t  i t  cou ld  be used as an end p l a t e  
i n  t h e  c e l l .  Between t h e  a i r  e l e c t r o d e s  t h e r e  i s  a f u e l  e l ec -  
t r o d e  o f  t h e  s a n e  s i z e :  c o a r s e  g r a i n e d  Ni-DSK ( 3 )  i s  h e l d  i n  
p l a c e  by n i c k e l  s c r e e n s .  

The open c i r c u i t  p o t e n t i a l  o f  s u c h  a c e l l  ( 6  IT KOH + 2 M g l y c o l )  
i s  about  1.1 v o l t .  A t  a l o a d  o f  3 rnA/cm2 such  a c e l l  w i l l  have 
a p o t e n t i a l  of 0.0 v0l.t a t  room tempera tu re .  F o r  s h o r t  p e r i o d s  
o f  t i n e  c u r r e n t  d e n s i t i e s  up t o  30 mA/cm2 can  be  withdrawn, 

F o r  t h e  i n v e s t i g a t i o n  of h i g h  c u r r e n t  d e n s i t y  g l y c o l / a i r  c e l l s  
we have used as f u e l  e l e c t r o d e s ,  f lame-sprayed Raney-nickel  on 
a n i c k e l  s u b s t r a t e .  E l e c t r o d e s  up t o  a geomet r i c  a r e a  of 
20 x 70 cm have  b e e n  s t u d i e d .  A s  a l r e a d y  s t a t e d  by Boies  and 
Dravnieks  ( 1 8 )  t h e  a c t i v i t y  o f  t h e  e l e c t r o d e  i s  c r i t i c a l l y  de- 
pendent  on  t h e  g r a i n  s i z e ,  and t h e  s u b s t r a t e  must be c a r e f u l l y  
p repa red  
l a y e r .  The i n c r e a s e  of t h e  dehydrogena t ion  ra te  w i t h  tempera- 
t u r e  has a s t r o n g  i n f l u e n c e  on the shape  o f  t h e  c u r r e n t / v o l t a g e -  
c u r v e  ( F i g .  7 ) .  

The f e a t u r e s o f  t h e  g l y c o l  c e l l  o p e r a t i n g  a t  moderate  t empera tu res  

2 

1 

/i 

2 

t o  o b t a i n  good and s t a b l e  c o n t a c t  t o  t h e  c a t a l y t i c  I 

are : 
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noble metal catalysts are not required, high current densities 
1 can be obtained in direct oxidation from an easily handled 
, '  liq~id fuel, and strong gas evolution does not take place. 

The price of the fuel and the necessary renewal of the elec- 
trolyte are the main disadvantages. 

APPLICATIGKS OF I:LCOIIOL AIlI/CTLLS 

,\ General Remarks 

1 ?mbient air cells with methanol or formate ion as fuel are 
particularly suited for a maintenance-free, continuous opera- 
tion at low or aoderate current densities. Therefore they 
could be used to supply signal devices, stationary or mobile 
communication systems, isolated weatherstations etc. Such 
alcohol/air cells can start to compete with dry batteries and 
wet batteries of the system zinc/NaOH/air. 

1, 
I I' 

I '  

I 

i 

The high power glycol cell should be applicable e.g. as an 
emergency unit. In contrast to such a fuel cell the presently 
used Diesel engine has several disadvantages: 
it requires maintenance, unreliability of the rotating parts, 
uncertain starting in an emergency. 

Ecside battery construction cost, fuel cost and availability, 
the amount of  noble metal used for the electrodes is a peculiar 
problem in comilercial fuel cell application. In the alkaline 
methanol and formate cells developed so  far 2 - 5 mg/cm pla- 
tinum 2nd galladiurn are needed. To what extend this amount has 
t&e decreased to nake such cells economic depends very much 
on the special aaplicztion. 

Test of a GO 'fatt methanol/air battery for sea buoys 

On the basis o f  o u r  laboratory investigations described above 
Bro-m, Boveri a. Cie. have built a 6 volt 10 amp battery for a 
flashing buoy. The module contains 10 cylindrical cells 
(Fig. 8). In each cell 18 pairs of electrodes are connected 
in parallel in order to equalize the different performance 
of the individual cells and to prevent the failure of single 
electrodes. Prom the 400 litre fuel/electrolyte-mixture 180 k'?!h 

2 
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can be obtained. By using an electronic device the power 
output of the battery is stabilised ( 3 0  Watt in signal 
operation between 5 and 30°C) against changes of tempera- 
ture and changes in fuel concentration- which occur over 
a two years period of operation (intermittd2 sec load, 
4 sec 0.C. ) .  r 

The battery is presently in field test for serveral months. 
It is felt that the operation cost (methanol and caustic) 
will be cheaper than the present propane-consuming buoys. 

i 

! I 
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Fig. 1 Terminal voltage at periodic loads (2, sec load and 
4 sec O.C.) of a methanol/air cell, operating time 
7 > 72.000 hours with 4 electrolyte charges, tempe- 
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Fi -. cI E f f e c t  o f  t e ' n p e r a t u r e  on t h e  per formance  o f  a p l a -  
tlnurn a c t i v a t e d  c a r b o n  e l e c t r o c i e  i n  G N KOH + 2 M 
C X ~ O H  s o l u t i o n ,  P = 1 2  m2, 4,8 ng Pt/cm2; c u r v e s  
t a k e n  a f t e r  1 d a v  o r e r e t i o n  i L t  10 mA/cm 2 

(v 
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Fig. 3 T r i a n g u l a r  p o t e n t i a l  s c a n  on smooth P t  i n  1 N H2S04 
+ 1 HCOOH, 50 mV/sec, 2OoC 
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TIME, MIN. 

Fig. 4 Decrease of current with time on smooth Pt in 1 N 
H2S04 + 1 M HCOOH at constant potential 
( 1 )  at 0,5 volt (first current peak in Fig. 3) 
( 2 )  at 0.9 volt (second peak in the anodic scan of 

Fig. 3 )  

IO 
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Fig. 5 Triangular potential scan on smooth Pt/Ir (75:25)- 
alloy in 6 N KOH + 4 M HCOOK, 1-00 mV/sec, 4OoC 
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Current density-potential curves on flame sprayed 
Saney-nickel (grain size 200 p)  in 6 N KOH’+ 2 I\! 
G l y c o l ,  plots taken after 2 day operation at 50 mA/cm 

2 



. .  

- 7 3 -  

j !  

P i g ,  8 Three c e l l s  of a 10 c e l l  60 Wat t -me thano l / a i r  b a t t e r y  
w i t h  c y l i n d r i c a l  a i r  d i f f u s i o n  e l e c t r o d e s  f o r  a 
f l a s h i n g  s e a  buoy 
(by  c o u r t e s y , o f  Brown, Bover i  and C i e . ,  Baden/Schweiz) 
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The Anodic Oxidation of Methanol on 
Raney-I'ype Catalysts of Platinum Metals 

-4. Binder, A .  Kbhling, G. Sandstede 

Battelle-Institut e.V., Frankfurt/Main, Germany 

1 .  IN~HODUCTIOX 

I'or a couple of' years methanol has played an important 
part in fuel cell research and development. It has proved 
to be the only alcohol that can be completely oxidized to 
carboii dioxide and water in a fuel cell operating with an 
aqueous alkaline electrolyte at. temperatures below 100°C and 
a 1)latirium catalyst ( 1 ) .  The disadvantage of a fuel cell 
system of this type is the cons,umption of the alkaline elec- 
trolyte due to formacion of the carbonate. Therefore, acid 
electrolytes would be more desirable; liowever, on platinum 
che oxidat ion of methanol requires a much higher overvoltage 
is acids than in alkaline solution. 

It has been the objective of these investigations to 
develop a suitable catalyst which does not require the large 
overvoltage during the anodic oxidation of methanol. From 
our previous investigations ( 2 )  it was concluded that there 
might be a more active catalyst among the group of platinum 
metals and their alloys and that the Raney method might be 
suitable for preparation of alloy catalysts at low tempera- 
cures. 

2. EXPERIMENTAL c o m I n o N s  

In our comparative appraisal of the catalysts we used 
electrodes of the type described in an earlier communication 
( 3 ) .  Accordingly, it contained the Raney catalyst in a gold 
skeleton to which sodium chloride was added for formation of 
macropores. The proportion of catalyst was kept constant 
with all electrodes. The catalysts were prepared in situ 
from Rariey alloys of type PtAlL+ or A0,-BO - A 1 4  by treatment 
with potassium hydroxide solution in tAe ;reformed electrode 
disk. In separate experiments following the periodic .poten- 
tial sweep method the electrochemically active surface area 
of the catalyst of such a test electrode was determined to be 
about 75 sq.m. per g .  in the case of platinum. X-ray dif- 

iium catalyst showed a solid solution of ruthenium in platinum 
wliicli is not quite homogeneous but still contains proportions 
of free ruthenium. 

r 

fraction measurements for the example of the ruthenium-plati- 1 

,J 

The electrolyte was j N potassium hydroxide solution and 
(4.3 X sulfuric acid (reagent grade: "pro analysi", E .  Merck, 
Darmstadt). In all experiments the methanol was used in a 
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concentration of c = 2 mole/liter (reagent grade of metha- 
nol: "pro analysi", E. Merck, Darmstadt). 

' I'he electrochemical measurements were made in the half- 
cell arrangement likewise described previously ( 3 )  according 
to the galvanostatic method. The current densities reported 
in this paper refer to the projected surface area and the 
potential relates to a hydrogen electrode in the same solu- 
tion. The ohmic drop between Luggin capillary and electrode 
was not accounted for.. 

The plots were taken first at decreasing and then at in- 
creasing current densities. 'This implies that a certain pro- 
portion of the reaction products was present in the electro- 
lyte. 

3.  RESULTS 

3 .1  Measurements in 6.5 N KOH Solution 

Figures 1 and 2 show the differences in the catalytic 
behavior of platinum metals in the oxidation of methanol in 
j N potassium hydroxide at 25OC and 80°C,  respectively. Mea- 
surements on electrodes with Raiiey gold serve for reference. 

It is noted that two platinum metals at a time show a si- 
milar activity. The three groups thus obtained conspicuously 
correspond to the dyads 

Hu R h  Pd 
Os Ir Pt 

O K  the platinum metals in the Periodic Table. Osmium and ru- 
thenium, and also gold are found to be unsuitable as fuel cell 
catalysts, since there will not be a constant poteritial at 
high polarization. At 8OoC, however, polarization with re- 
spect to the potential at a current density of 50  mA/cm2 which 
is reasonable in fuel cell operation, does not exceed that mea- 
sured on iridium and rhodium. 

3 . 2  Measurements in b . 5  N Sulfuric Acid 

In sulfuric acid polarization with all platinum metals is 
much larger than in potassium hydroxide solution. Particular- 
ly striking is the increased polarization ip the case of pal- 
ladium at 2 j ° C  (Fig. 3 ) .  which even at comparatively small cur- 
rent denslties reaches a potential range where corrosion occurs. 

Even at 80°C (Fig. 4) palladium shows only slightly lower 
polarization s o  that this metal is the least active catalyst in 
the conversion of methanol in sulfuric acid, whereas osmium, 
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featuring only low conversion at 2 5 0 C ,  is the most active 
catalyst among the platinum metals. If the potential at 
a current density of 50 mA/cm2 is taken as a measure f o r  
the "activity" of' the electrode and thus of the catalyst, 
the order at '8OOC is as follows: OsyIr = Ru>Pt>Rh>Pd. 

.In sulfuric acid the platlnum metals do not form three 
groups as has been observed in the conversion of methanol 
in potassium hydroxide solution. 

3 . 2 . 2  Alloys of Platinum Metals ___-_______-____-___-----  
The experimental results on pure platinum metals sug- 

Lest that catalysts 01- the lowest activity are found among 
tile palladium alloys. Figures 5 and 6 depict the potential/ 
current density curves o f  alloys of palladium with the ad- 
dition of  one of tile other platinum metals ( 5 0  atomic per 
cent). 

A distinct increase in the activity is observed by the 
addition of the second component. Worth noting is the ef- 
fect of ruthenium which -at a current density of 50 mA/cm2 
and 8 O O C  (Fig. 3 )  results in a decrease in polarization by 
280 mV and 2 j ° C  even causes a decrease by 300 mV(Fig. 6). 
It should be borne in mind that pure ruthenium proved al- 
most inactive at 2 5 O C .  

It now turns out that the most active catalysts are 
found especially among alloys containing ruthenium (Figs. 7 
and 8). A combination of pronounced activity is obtained by 
a rutlieriium-platinum alloy. A c  a current density of 5OiO/cm2 
and at 80°C (Fig. 7 )  such a Raney ruthenium-platinum elec- 
crode shows a potential o f  230 mV. Even at 2 5 O C  (Fig. 3) the 
correspoiiding potential does not exceed 1100 mV. These values 
f o r  the polarization are only about 50 mV higher than the 
corresponding values for the most active catalyst in potas- 
sium hydroxide solution, viz. platinum. 

rhis Raney ruthenium-platinum catalyst is the most ac- 
cive of all platinum metal alloys evaluated. This is il- 
lustrated by Table l which summarizes the potentials of all 
alloy catalysts of the composition A5OB (atomic per cent) and 
confronts them with those of the pure metals, as observed at 
a current density of 50 mA/cm2 and temperatures of 25OC 
values) and 80OC (upper values). 

(lower 

Next in the activity scale ranges the osmium-platinum 
alloy. .4 very low activity at 8 0 O C  is registered not only 
for palladium-gold but also for palladium-rhodium. 

r 

Our  test electrode consisting of Raney ruthenium-platinum I 

on a g o l d  skeleton enabled current densities of at least 



-77- 

3000 mA/crn2 to be reached (Fig. 9 ) ,  the potential remaining 
constant for extended periods of time. At a current density 
of 2000 mA/cm3 the potential did not increase by more than 
20 mV within 600 h (Fig. l o ) ,  provided that the concentra- 
tion of methanol was kept approximately constant. 

Ruthenium-platinum electrodes can also be used in the 
oxidation*of methanol in a potassium bicarbonate electrolyte 
from which the resultant carbon dioxide gas escapes. Also 
in this case polarization is much lower than in the case of 
platinum as catalyst (Fig. 1 1 ) .  

Figure 12 shows the potential of electrodes with Raney 
platinum metal catalysts at SO°C and a current density of 
20 m'/cm2 as a function of the composition of the catalyst. 
It is worth noting that in most cases the potential reaches 
a minimum only with catalysts where the two components are 
present in about equal proportions, whereas in gas-phase re- 
actions a synergistic effect is often caused even by minute 
additions. Attention is also called to the fact that an ad- 
clition of rhodium to palladium hardly affects the potential 
within a comparatively wide range. 

D i s c us s i on 

The order of the activity of platinum metals in the oxi- 
dation of methanol in potassium hydroxide solution determined 
by our measurements is Pt>Pd>Ru = RhrIr 7 0 s  =-Au and thus 
varies from the order Pd7Rh;rAuzPt reported in an earlier 
publication (4). Particularly striking is the extreme dis- 
crepancy in the case of platinum, which may possibly be ex- 
plained by the fact that 'ranaka (4) - in contrast to us - 
used the smooth metals. In addition, it has to be borne in 
mind that catalysts prepared by the Raney method contain alu- 
minum in varying proportions (order of magnitude from 0.1 to 
1 $) ,  which may have a bearing on the activity. 

In acid solutions, too, the order of the activity of pla- 
tinum metals Os > R u  = Ir 7Pt 7 R h  7Pd as determined by u s  va- 
ries from that reported by earlier authors (5). However, 
Breiter's values (5) are rion-stationary values, since they 
were derived by the periodic potential sweep method. These 
measurements do not involve enrichment of intermediates in 
the electrolyte to such an extent as would always be encoun- 
tered in fuel cell operatlon ( 6 ) ,  ( 7 ) .  

Since the consecutive products of the oxidation of metha- 
nol continue to react at different rates in the presence of 
the different platinum metals, the enrichment varies from one 
metal to the other. Formic acid, for example, in contact with 
Raney platinum in alkaline electrolytes is oxidized more slow- 
ly than methanol, but more rapidly in the acid medium. In 
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. 
contact with Haney palladium, on the other hand, formic acid 
reacts at a higher rate than methanol even in the alkaline 
electrolyte ( 3 ) .  Owing to this enrichment of the consecu- 
tive products all methanol electrodes act as multiple elec- 
trodes s o  that the measured potentials are mixed potentials. 

Because sf these difficulties there. is still some doubt 
about the oxidation mechanism of methanol, and this applies 
even to platinum, a material often examined thoroughly in ex- 
tensive investigations. rhe differences in the activity of 
platinum metals in sulfuric acid as found by our measurements 
encourage us to make the following speculations: 

As tlie activity drops in the order O s  z R u  = Ir >Pt z R h  
>Pd, the paramagnetic susceptibility of the metals qualita- 
tively rises in almost the same order (cf. Table 11); palla- 
dium with the largest susceptibility value is the least active 
catalyst. 

Table 11: Paramacnetic Susceptibility of Platinum Metals 
(10-6 cgs) 

Ru Rh Pd 

43.2 1 1 1  567 

os Ir Pt 

9 .9  25.6 202 

Since the paramagnetism of platinum metals results from 
unpaired d-electrons - the very high value for palladium is 
not unreasonable to assume a relationship between paramagnetic 
susceptibility and catalytic activity. 

connected with quasi-ferromagnetic regions ( 8 ) ,  ( 9 )  - it is I 

Even for the activity of alloys of platinum metals such 
a tendency can be qualitatively deduced: the addition of rho- 
dium to palladium improves the activity but slightly up to 
an amount of 50 at. $, whereas the addition of ruthenium has 
a favorable effect (Fig. 1 2 ) .  With respect to susceptibility 
(Fig. 1 3 ) .  the addition of small quantities of rhodium results 
in a minor increase, and only additions of larger quantities 
effect a decrease ( 1 0 ) .  Addition of ruthenium, even in low 
concentrations, reduces the susceptibility significantly ( 1 1 ) .  

The synergistic effect on the anodic oxidation of metha- 
n o l  observed with ruthenium-platinum alloys might be ascribed 
to an optimum value of susceptibility leading to optimum sorp- 
tion of all reactants. Since quantitative values for the para- 
magnetic susceptibility of our alloys are not yet available, 
the speculative nature of this statement is emphasized once 
more. Evidence for relatively weak sorption is provided by 
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the fact that intermediates of the anodic oxidation of higher 
or multivalent alcohols are desorbed by ruthenium-platinum 
to such an extent that they condense to form brown-black pro- 
ducts ( 1 2 ) .  

Hence, ruthenium-platinum alloys are almost specific for 
the conversion of methanol and its consecutive products, but 
these catalysts have also been found superior to platinum in 
other reactions ( l 3 ) ,  (14). Even in the oxidation of metha- 
nol the consecutive pro.duct - formaldehyde - is desorbed more 
easily than in conversions on platinum so  that in coulometric 
measurements according to those described in (1) complete 
conversion to carbon dioxide and water is not obtained at a 
temperature o f  80OC unless formaldehyde is not allowed to es- 
cape (12). 

In the meantime further references on the excellent pro- 
perties of platinum-ruthenium catalysts in the anodic oxida- 
tion of metkiariol have been mentioned (1 5). The catalyst de- 
scribed in these publications has been prepared according to 
i3rowri's method ( 1 6 )  by reduction of suitable salts with sodium 
borohydride. 

The experimental results available now show characteristic 
differences among the binary alloys of the platinum metals as 
concerns the activity in the anodic oxidation of methanol in 
acid medium. Some reveal a synergistic effect whereas others 
not even show an addition of the activity as a function of com- 
position. This dissimilar behavior might be due to the dif- 
ferences in the galvano-magnetic properties of the alloys. Fur- 
ther data are necessary for a quantitative explanation of the 
phenomena observed. 
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2M CH,OH 
4.5N H2SO4; 8OoC 
50 ma/cm2 

I 

I\ 

Table I Potentials at alloy catalysts ( 5 0  atomic $) 
with methanol in 4 . 5  N H2SO4 at 2 5 O C  (lower 
figures) and 8 O o C  (upper figures) ; current 
density: j O  ma/sq.cm. 

1 
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containing Raney ruthenium alloys with methanol 
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THE ANODIC OXIDATION OF METHANOL ON 
PLATINUM I N  ALKALINE SOLUTION 

D. Poul i  and J . R .  Huff* 
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Research Division, Allis-Chalmers Manufacturing Go. 

ABSTRACT 

The e lec t rochemica l  ox ida t ion  of methanol on platinum was 
s tud ied  a s  a func t ion  of temperature, composition of e l e c t r o l y t e  and 
pretreatment  of the  e l ec t rode .  The major i ty  of the d a t a  were obtained 
with the  l i n e a r l y  varying p o t e n t i a l  technique.  Resul t s  i n d i c a t e  
t h a t  the  oxida t ion  of methanol i n  a l k a l i n e  s o l u t i o n  proceeds a t  a 
p o t e n t i a l  some 200-300 mV. l e s s  p o s i t i v e  than  i n  acid,  ( p o t e n t i a l s  
versus  the  hydrogen e l ec t rode  i n  the same s o l u t i o n ) .  Peak cu r ren t s  
f o r  a b r i g h t  platinum e lec t rode  a r e  independent of s t i r r i n g  and 
inc rease  w i t h  i nc reas ing  vol tage  sweep r a t e s .  From t h e  e f f e c t  of 
temperature on the r e a c t i o n  r a t e ,  i t  is  ev ident  t h a t  t h e  formation 
of platinum oxide i s  no t  the  r a t e  determining s t e p .  Current t r a n s i -  
e n t s  a t  low p o t e n t i a l s  i n d i c a t e  t h a t  the i n i t i a l  s t e p  involves  
the  a b s t r a c t i o n  of a hydrogen atom; and t h a t  the  oxida t ion  of the 
remaining methanol fragment determines the  r e a c t i o n  r a t e .  

INTRODUCTION 

I n  r ecen t  years, the  anodic ox ida t ion  of methanol on 
platinum i n  both a c i d i c  and bas i c  media, has  been s tud ied  i n  consi- 
de rab le  d e t a i l .  The impetus f o r  these inves t iga t ions  i s  der ived 
from a search f o r  s u i t a b l e  f u e l s  t o  rep lace  hydrogen i n  the  f u e l  
c e l l .  B r e i t e r  e t .  a l .  (1,2) have s tud ied  the  oxida t ion  processes  
i n  ac id  so lu t ion ;  and found the  cu r ren t  t o  be p ropor t iona l  t o  the 
amount of  methanol adsorbed on the sur face  of t h e  e l ec t rode .  These 
au thors  propose t h a t  t h e  i n i t i a l  s t e p  i n  the r e a c t i o n  i s  the  d i r e c t  
ox ida t ion  of the  methanol molecule (adsorbed)  t o  a methanol r a d i c a l  
and a hydrogen ion .  

The anodic oxida t ion  i n  a l k a l i n e  s o l u t i o n  has  been s tudied 
b y  V i e l s t i c h  ( 3 )  and Buck and G r i f f i t h  ( 4 ) .  
t h a t  r a t h e r  than  the  d i r e c t  e lec t rochemica l  ox ida t ion  of the  methanol, 
t h e  platinum r e a c t s  t o  form a platinum hydroxide which i n  t u r n  oxi- 
d i z e s  the  methanol chemically. The formation of the  platinum 
hydroxide must then be r a t e  determining. V i e l s t i c h  suppor ts  h i s  
hypothes is  by the  f a c t  t h a t  the cu r ren t  peak i n  the  cur ren t -vol tage  
c h a r a c t e r i s t i c  i s  normally independent of the  oxid izable  substance.  
The f a c t  t h a t  methanol i n  6-8 Molar a l k a l i  i s  oxidized spontaneously 
a t  temperatuyes exceeding 80°C i s  explained by assuming a base 
ca ta lyzed  dehydrogenation mechanism. 

i n  both ac id  and a l k a l i  media. For t he  bas i c  system, these  au thors  

V i e l s t i c h  (3 )  concludes 

Buck and G r i f f i t h  ( 4 )  s tud ied  the  anodic ox ida t ion  processes 

* Present  Address : Globe-Union, Milwaukee, Wisconsin 
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ca lcu la t ed  a Tafe l  s lope  of 0.21 - 0.28V.; and they concluded t h a t  
t he  ' r a t e  determining s t e p  i n  a l k a l i n e  so lu t ion  involves  the r eac t ion  
of a methylate and two hydroxide ions  with the t r a n s f e r  of two e lec-  
t r o n s .  

Some f u r t h e r  work was done recent ly  b y  Liang and Frankl in  
(5), who s tudied  t h e  anodic 
dehyde i n  add i t ion  t o  t h a t  of methanol. Oxley, e t .  a l .  ( 6 )  inves- 
t i g a t e d  the anodic processes  i n  ac id  by s tudying the p o t e n t i a l  decay 
curves.  The e f f e c t  of t he  reduct ive  adsorpt ion of C02 was s tudied  
b y  Giner ( 7 ) .  

t h e  f a c t o r s  which govern t h e  shape of the  cu r ren t  - voltage curve 
obtained by t he  l i n e a r l y  varying p o t e n t i a l  technique (L.V.P.)  are ,  
i n  general ,  s t i l l  unknown. I n  t h i s  paper, we desc r ibe  some work 
c a r r i e d  out i n  order  t o  a s c e r t a i n  which va r i ab le s  d i c t a t e  the  
gene ra l  shape of t h e  I - V  curve determined by the technique c i t e d  
above. Furthermore, we w i l l  examine the  theo r i e s  ou t l ined  above 
concerning the  ox ida t ion  of methanol i n  the  l i g h t  of some cu r ren t  
t r a n s i e n t  measurements, and t h e  e f f e c t  of temperature.  

ox ida t ion  of formic ac id  and formal- 

Although a good d e a l  of work has been done i n  t h i s  f i e l d ,  

EXPERIMENTAL 

The e l e c t r o n i c  equipment used i n  these  experiments i s  
based on the use of ope ra t iona l  ampl i f i e r s  t o  con t ro l  the p o t e n t i a l  
of the working e l e c t r o d e .  The bas i c  c i r c u i t r y  i s  due t o  De Ford 
(8 ) .  A modi f ica t ion  permi t t ing  compensation of the I R  vol tage drop 
between re ference  and working e l ec t rodes  has been descr ibed e l s e -  
where ( 9 ) .  A b lock diagram i n d i c a t i n g  the e s s e n t i a l  components of 
t h e  instrument i s  shown i n  Fig .  I. The i n t e g r a t o r  shown i n  F ig .  I 
may be used t o  genera te  a s i n g l e  sweep or a t r i a n g u l a r  wave. I n  
normal experimentation, a t r i a n g u l a r  wave was appl ied t o  the working 
e l e c t r o d e .  

The e l e c t r o l y s i s  c e l l  was of the  conventional H-type wi th  
a s i n t e r e d  g l a s s  d i s c  between anode and cathods compartments. A 
working e l ec t rode  of b r i g h t  platinum f o i l  (lcm. ) was spot-welded 
t o  a platinum wire s e a l e d  i n  s o f t  g l a s s .  The counter e lec t rode  
cons i s t ed  of a p l a t i n i z e d  platinum f o i l ,  of lcm? geometric a rea .  

aqua r eg ia  followed by a d i l u t e  s o l u t i o n  of hydrof luor ic  ac id .  Fur- 
ther washing with copious q u a n t i t i e s  of  d i s t i l l e d  water was ca r r i ed  
o u t  before  t h e  c e l l  was assembled f o r  use.  The hydrof luor ic  ac id  
s o l u t i o n  d i d  no t  appear t o  have any d e l e t e r i o u s  e f f e c t s  on t h e  
plat inum-soft  g l a s s  s e a l .  

The e l e c t r o d e  assembly and c e l l  were washed i n i t i a l l y  with 

The e lec t rochemica l  c e l l  was thermostat ted i n  a water bath 
t o  + _ 0 . 2 O C .  Nitrogen was normally bubbled through the c e l l  a t  a l l  
t imes.  The n i t r o g e n  was pre-conditioned b y  passing i t  through a 
s o l u t i o n  i d e n t i c a l  t o  t h a t  i n  the c e l l .  

a l l  experiments.  
compensation was achieved e l e c t r o n i c a l l y ,  no g r e a t  care  was taken t o  
p lace  t h e  t i p  of t h e  re ference  e l ec t rode  very near t he  working e l ec -  
t rode  su r face .  A l l  p o t e n t i a l s  i n  t h i s  paper w i l l  be c i t e d  wi th  
r e s p e c t  t o  t h e  p o t e n t i a l  of t he  hydrogen e l ec t rode  i n  the same 

A mercury-mercuric oxide re ference  e l ec t rode  was used i n  
S ince  adequate I R  ( re ference  t o  working e l ec t rode  
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s o l u t i o n .  Rather than  ca l cu la t e  the p o t e n t i a l  of the  Hg/HgO e lec -  
t rode  versus t h a t  of t h i s  hydrogen e l ec t rode  f o r  each s e t  of condi- 
t i ons ,  i t s  value was determined experimental ly .  Before the  p o t e n t i a l  
of the  Hg/HgO reference  e l ec t rode  was measured, i t  was e s t ab l i shed  
t h a t  the p o t e n t i a l  of t h e  hydrogen e l ec t rode  i s  not  s i g n i f i c a n t l y  
a f f ec t ed  by t he  presence of methanol a t  temperatures  below 60°C. 

Harleco carbon dioxide f r e e  sodium hydroxide and ACS 
a n a l y t i c a l  reagent  grade methanol were used i n  a l l  experiments. The 
appropr ia te  concent ra t ions  of r e a c t a n t  and e l e c t r o l y t e  were pre- 
pared b y  d i l u t i o n  of the  concentrated m a t e r i a l  with doubly d i s t i l l e d  
water. 

Since i t  i s  normally d i f f i c u l t  t o  ob ta in  reproducible  
r e s u l t s  when the h i s t o r y  of t he  e l ec t rode  i s  not  c l e a r l y  defined, 
a pre-treatment was devised t o  promote reproduc b i l i t y .  I n i t i a l l y ,  
oxygen was evolved from the  e l ec t rode  a t  5mA/cmg f o r  5 seconds. 
The e lec t rode  p o t e n t i a l  was then reduced t o  the i n i t i a l  value f o r  
t he  subsequent l i n e a r l y  varying p o t e n t i a l  sweep. After maintaining 
the  p o t e n t i a l  a t  t h i s  value f o r  2 minutes, a r e p e t i t i v e  t r i a n g u l a r  
wave was appl ied t o  the  working e l ec t rode .  Nitrogen was bubbled 
through the e l e c t r o l y t e  t o  remove oxygen produced dur ing  the  pre- 
t reatment  a s  e f f e c t i v e l y  a s  poss ib le .  This  type of pre- t reatment  
normally gave r e s u l t s  reproducib le  t o  25%. 

RESULTS AND DISCUSSION 

The major po r t ion  of t h i s  work cons is ted  of an  i n v e s t i -  
g a t i o n  of the  s y s t e m ,  b r i g h t  platinum/2M methanol, 4.5 M sodium 
hydroxide. Unless s t a t e d  otherwise i n  the  t ex t ,  i t  w i l l  be assumed 
understood t h a t  t h i s  i s  t h e  experimental  system. The advantage 
of the high concent ra t ion  of methanol i s  t h a t  normally the  back- 
ground cu r ren t  caused b y  charging of the double layer  and adsorp- 
t i o n  of oxide or hydroxide spec ies  i s  neg l ig ib ly  smal l  over an 
apprec iab le  p o t e n t i a l  range, a s  compared t o  the oxida t ion  cu r ren t  
of the methanol. The l a s t  s ta tement  is  no t  necessa r i ly  t r u e  a t  
temperatures near  0°C. 

The s y s t e m  c i t e d  above was chosen t o  study the  e f f e c t s  
of vol tage sweep . ra te ,  temperature, and vol tage sweep range on the  
current-vol tage c h a r a c t e r i s t i c .  I n  addi t ion ,  a study was made of 
t he  e f f e c t s  of e l e c t r o l y t e  and methanol concent ra t ion  .on the  genera l  
f e a t u r e s  of t he  cur ren t -vol tage  curve, and on the  cu r ren t  a t  constant  
p o t e n t i a l .  

The normal vol tage  sweep range was wi th in  t h e  l i m i t s  of 
+300 t o  +1400 mV. It i s  f e l t  t h a t  the adsorp t ion  and poss ib l e  
evo lu t ion  of hydrogen a t  lower p o t e n t i a l s  and the  evo lu t ion  of 
oxygen a t  higher  p o t e n t i a l s  only complicates the i n t e r p r e t a t i o n  of 
t h e  d a t a .  'Of. course, i n  bas i c  Solu t ion  even a t  +300 mV. a small  
amount o f  hydrogen i s  adsorbed. 

LINEARLY VARYING POTENTIAL EXPERIMENTS 

General C u r r e n t  Voltage Curve and t h e  E f f e c t  of Temperature . 

I n  Fig.  2 we show the  l e a s t  complex of the  i - V  curves 
The Curve is  f o r  t h e  2M CH30H/4.5M NaOH obtained i n  t h i s  s tudy.  

system a t  60"c and a vol tage  sweep r a t e  of 100 mV./sec. Both the 
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1-V curves fo r  the  i n i t i a l  sweep and 
shown. By steady s t a t e ,  we r e f e r  t o  
vol tage  scans do not  a l t e r  the curve 

a "steady s t a t e "  curve a re  
t h e  condi t ion  when subsequent 
s i g n i f i c a n t l y .  

From Fig.  2, w e  note  t h a t  t he  cu r ren t  a t  low p o t e n t i a l s  
f o r  t h e  i n i t i a l  sweep l i e s  below t h a t  f o r  the  s teady s t a t e  curve. 
A t  h igher  p o t e n t i a l s ,  the  i -V curves c ross  snd the cu r ren t  f o r  t h e  
i n i t i a l  sweep exceeds t h a t  of t he  s teady s t a t e  scan.  This sequence 
of events  is  a func t ion  of  t h e  experimental  condi t ions .  The i - V  
curve f o r  i nc reas ing  p o t e n t i a l s  i n  Fig.  2 ( l a t e r  r e f e r r e d  t o  a s  the  
forward sweep) has a s i n g l e  maximum and no p l a t eaus  or i n f l e c t i o n s .  
This  f e a t u r e  i s  r a t h e r  d i f f e r e n t  from t h e  curve obtained b y  Breiter 
( 2 )  f o r  the  ox ida t ion  o f  a molar methanol i n  molar pe rch lo r i c  ac id  
s o l u t i o n .  Fig.  2 a l s o  shows t h e  i - V  curve f o r  the decreas ing  poten- 
t i a l  sweep ( l a t e r  r e f e r r e d  t o  a s  the r eve r se  sweep). 
maximum f o r  t h e  r eve r se  sweep does not  l i e  ou t s ide  the  forward i - V  
curve a s  has been observed f o r  some methanol-acid s y s t e m s  (1). The 
a c t u a l  p o t e n t i a l  of t h e  cu r ren t  peak f o r  the reverse sweep depends 
markedly on the  experimental  condi t ions ;  and w i l l  be considered i n  
some d e t a i l  l a t e r  on i n  t h i s  paper. 

gion, i . e .  a t  p o t e n t i a l s  below t h a t  of t h e  cu r ren t  maximum a r e  
g rea t e r  f o r  t h e  r eve r se  than  t h e  forward sweep. T h i s  "hys t e re s i s  
loop" i s  less ronounced i n  the  a l k a l i n e  than i n  t h e  ac id  s y s t e m  
( c . f .  Brei ter  7 4 ) ) .  Although the e f f e c t  decreases  w i t h  i nc reas ing  
temperature, i t  is  s t i l l  present  a t  60°C. 

a t  O°C. The a c t u a l  c u r r e n t s  a t  t h e  same p o t e n t i a l s  a r e  obviously 
much lower than a t  60"c .  Decreasing t h e  temperature has  a l t e r e d  
t h e  genera l  shape of t h e  i - V  curve q u i t e  considerably.  The cu r ren t  
f o r  the  i n i t i a l  forward sweep l i e s  below t h a t  of t h e  s teady s t a t e  
curve a t  a l l  p o t e n t i a l s ;  and t h e  loop formed a s  a r e s u l t  of t h e  
d i f f e r e n c e  between c u r r e n t s  fo r  forward and r eve r se  sweeps i s  
appreciably l a r g e r  than  a t  60°c. Furthermore, a t  the lower tempera- 
t u r e s  the i-V curve f o r  t he  reverse  sweep i s  much l e s s  symmetrical 
about t h e  p o t e n t i a l  o f  t h e  cu r ren t  maximum, and the  curve shows an 
i n f l e c t i o n .  The "back" s ide (nega t ive  r e s i s t a n c e  po r t ion )  of the 
forward curve, i . e .  a t  p o t e n t i a l s  exceeding t h a t  of t h e  cu r ren t  
maximum, shows a shoulder  a t  O°C which i s  absent  a t  60°C. 

i n  some d e t a i l ,  we s h a l l  now consider  poss ib l e  explana t ions  f o r  
t h e  "hysteresis loop" f o r  forward and r eve r se  sweep cur ren ts ,  and 
t h e  e f f e c t  of temperature  on t h e  shoulder  and i n f l e c t i o n  on t h e  1-v 
c h a r a c t e r i s t i c  shown i n  Fig.  3. 

h y s t e r e s i s  loop r e f e r r e d  t o  above. Giner (7 )  has  suggested t h a t  a 
reduced form of C02 i s  adsorbed on t h e  e l ec t rode  su r face  w h i l e  the 
e lec t rode  i s  maintained a t  i t s  i n i t i a l  p o t e n t i a l ;  say below 250 mV. 
i n  molar ac id .  The reduced C02 may be formed from e i t h e r  Cog o r  
carbonate  i n  s o l u t i o n  o r  from methanol. This  reduced Cog then  a c t s  
a s  a poison t o  the ox ida t ion  r eac t ion .  It has  a l s o  been suggested 
t h a t  the  e f f e c t s  might r e s u l t  from a lower concent ra t ion  of adsorbed 
methanol dur ing  t h e  r e v e r s e  sweep, and t h a t  ox ida t ion  proceeds more 
r e a d i l y  on a ba re  s u r f a c e .  

The cu r ren t  

A s  shown i n  Fig.  2 t he  cu r ren t s  i n  t h e  low p o t e n t i a l  re- 

Fig.  3 d e p i c t s  t he  i - V  c h a r a c t e r i s t i c  f o r  t he  same s y s t e m  

Having d i scussed  the genera l  p r o p e r t i e s  of t h e  1-V curves 

A number of sugges t ions  have been made t o  account for the  
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Although i t  cannot be denied t h a t  both explanat ions,  i n  
view of experimental  r e s u l t s  f o r  t h e  ac id  system, appear reasonable;  
t h e  r e s u l t s  f o r  the b a s i c  system do not support  t h i s  explanat ion.  
Let us consider the  reduced C02 hypothesis .  We have found t h a t  the  
h y s t e r e s i s  loop i s  no t  s i g n i f i c a n t l y  dependent on the  i n i t i a l  poten- 
t i a l  and on the time t h a t  the p o t e n t i a l  was maintained a t  i t s  i n i t i a l  
va lue .  I n  our work, the  i n i t i a l  p o t e n t i a l  was always maintained 
above the  p o t e n t i a l  of t he  hydrogen e l ec t rode  i n  t h e  same so lu t ion .  
Giner (73 r e p o r t s  t h a t  i n  t h e  ac id  system the reduced C02 spec ies  is 
produced below 250 mV.; but  i n  t h e  bas i c  s y s t e m  the corresponding 
p o t e n t i a l  should be s e v e r a l  hundred m i l l i v o l t s  l e s s  p o s i t i v e .  
According t o  t h i s  author,  t he  reduced spec ie s  i s  oxidized a t  poten- 
t i a l s  exceeding 400 mV. 
reduced Cog hypothesis  i s  appl icable  t o  the  bas i c  system. Further-  
more, one should observe an e f f e c t  of the  holding time (time t h a t  the 
p o t e n t i a l  Is  maintained a t  i t s  i n i t i a l  va lue )  a t  t he  i n i t i a l  poten- 
t i a l .  This i s  not  observed. A poss ib le  explanat ion i s  t h a t  the  
adsorp t ion  of t he  reduced spec ies  i s  s o  rap id  t h a t  when the  holding 
time exceeds one second, no f u r t h e r  e f f e c t  will be observed. 

To account f o r  the  h y s t e r e s i s  loop b y  assuming t h a t  the 
r e a c t i o n  occurs more r ap id ly  on a bare  sur face  would seem contra-  
d i c t o r y  t o  the  f a c t  t h a t  the  cu r ren t  a t  r e l a t i v e l y  high su r face  
coverages, 0.3 - 0.8, appears t o  be propor t iona l  t o  t h e  su r f ace  
coverage. 

of a poisonous in te rmedia te  a t  p o t e n t i a l s  when the  su r face  oxide i s  
p resen t  does no t  seem app l i cab le  s ince  the loop i s  present  even when 
t h e  most pos i t i ve  p o t e n t i a l  i s  l e s s  than  t h a t  where oxide adsorpt ion 
I s  poss ib l e .  It could be thought t h a t  the increased c u r r e n t s  on the  
r eve r se  sweep a re  due t o  a c t i v a t i o n  of the e l ec t rode  by adsorp t ion .  
and reduct ion  of t he  su r face  oxide r e s u l t i n g  i n  a d i f f e r e n t  r eac t ion  
product .  Although t h i s  p o s s i b i l i t y  cannot be discounted f o r  t he  
a l k a l i  system, i t  does not  seem va l id  i n  the ac id  s y s t e m  where the 
d i f f e rence  i n  cu r ren t  f o r  r eve r se  and forward sweeps i s  much too  
l a r g e .  The reason f o r  pos tu l a t ing  a d i f f e r e n t  r e a c t i o n  product f o r  
a more a c t i v e  e l ec t rode  i s  t h a t  the r e a c t i o n  roduct  is known t o  
depend on the  e l ec t rode  c a t a l y s t  ma te r i a l  (115. 

A poss ib le  explana t ion  f o r  t h i s  phenomenon, which t o  the 
b e s t  of our knowledge has not been explored previously,  I s  t ha t  a 
r e a c t i o n  cons i s t ing  of an adsorbed methanol spec ies  and a methanol 
molecule involving a bare  su r face  s i t e  is  respons ib le .  It i s  
proposed t h a t  t h i s  r e a c t i o n  occurs i n  conjunct ion w i t h  t h e  normal 
r e a c t i o n  of the  adsorbed methanol. I n  t h i s  manner, t h e  lower 
su r face  coverage i n  the reverse  sweep should y i e l d  a somewhat higher 
r e a c t i o n  r a t e  and a t  coverages between 0.3 and 0.8 the  r e a c t i o n  r a t e  
could be propor t iona l  t o  the  adsorbed ma te r i a l .  It must be empha- 
s ized ,  however, t h a t  t h i s  explanat ion i s  specula t ive  and more da ta  
regard ing  t h e  var ious  s t e p s  i n  the r e a c t i o n  mechanism a r e  necessary.  

smal le r  than t h a t  i n  ac id  may be due t o  a c lose r  concurrence of 
t h e  adsorp t ion  isotherm f o r  t he  forward and r eve r se  sweeps. To 
our mowledge, no da t a  regard ing  these isotherms are a v a i l a b l e  
for t he  bas i c  system. 

Hence, it does not  seem l i k e l y  t h a t  the 

A p o s s i b i l i t y  t h a t  the  h y s t e r e s i s  loop i s  due t o  removal 

The f a c t  t h a t  the  h y s t e r e s i s  loop i n  a l k a l i  i s  somewhat 



I -94- 

, 
The i n f l e c t i o n  on the  i - V  curve f o r  t h e  r eve r se  sweep may 

Such an  explana- I be due t o  an apprec iab le  oxide reduct ion  cu r ren t .  
t i o n  i s  not s a t i s f a c t o r y ,  however, s ince  t h e  i n f l e c t i o n  changes t o  b 
a minumum when t h i s  cathodic  cu r ren t  i s  made neg l ig ib ly  smal l .  It 
i s  poss ib le  t h a t  t h i s  i n f l e c t i o n  r e s u l t s  from t h e  same process a s  
t h a t  which causes the  shoulder  on t h e  forward curve a t  OOC. The 
shoulder  i s  presumeably caused b y  i n t e r a c t i o n  of t he  sur face  oxide, 
a methanol spec ie s  and a bare  s i t e .  It seems improbable t h a t  the 
cu r ren t  can be ascr ibed  t o  removal of adsorbed methanol, o r  a d i f -  
f e r e n t  r eac t ion  occurr ing  on the  oxide su r face .  A t  these  po ten t i a l s  
t h e  sur face  concent ra t ion  of methanol must be very small ,  and i f  a 
d i f f e r e n t  r e a c t i o n  on the  sur face  oxide causes the shoulder,  then  
one would not  expect  t h e  cu r ren t  t o  decrease wi th  inc reas ing  poten- 
t i a l .  The oxide concent ra t ion  ( sur face  coverage) a t  t h e  p o t e n t i a l  
of the i n f l e c t i o n  i n  t h e  i - \ T  curve f o r  t h e  reverse  sweep should be 
very s i m i l a r  t o  t h a t  a t  the  p o t e n t i a l  of t he  shoulder on the  forward 
curve.  It is, the re fo re ,  not inconceivable t h a t  a r e l a t i o n  e x i s t s .  

1 

i 
1 

The l ack  of an  i n f l e c t i o n  a t  higher  temperatures (60°C) 
i s  probably due t o  t h e  f a c t  t h a t  t he  sur face  oxide i s  reduced a t  a 
h igher  p o t e n t i a l  and hence the  peak cu r ren t  f o r  t he  main r eac t ion  
f o r  t h e  reverse  sweep i s  much higher ,  thereby making the  "surface 
phenomena" l e s s  s i g n i f i c a n t .  

The s h i f t  of t he  p o t e n t i a l  of the  cur ren t  maximum on the  
r eve r se  sweep t o  lower va lues  a s  t he  temperature i s  lowered i s  
a l s o  thought t o  be a r e s u l t  of a s h i f t  i n  the  p o t e n t i a l  a t  which 
t h e  sur face  oxides  a r e  reduced. It i s  known t h a t  t he  reduct ion  of 
t h e  sur face  oxides  occurs  a t  l e s s  p o s i t i v e  p o t e n t i a l s  a s  the  temp- 
e r a t u r e  i s  lowered ( 1 2 ) .  Hence, the  cu r ren t  peak should a l s o  be 
s h i f t e d  t o  less p o s i t i v e  p o t e n t i a l s .  

The Dependence of t h e  T a f e l  Slope on Temperature 

methanol a t  60"c a r e  depic ted  i n  Fig.  4. 
i n i t i a l ,  and s teady  s t a t e  forward and reverse  sweeps a r e  12% 15 mV. 
and 170-1- 20 mV., r e s p e c t i v e l y .  These values  were found t o  bz 
e s s e n t i a l l y  independent of temperature f o r  the i n i t i a l  and steady 
s t a t e  reverse  sweeps. 

The T a f e l  s lope  fo r  the  s teady s t a t e  forward sweep f o r  
t h i s  range of p o t e n t i a l s  i s  markedly dependent on the  temperature.  
Decreasing the temperature  from 60" t o  0°C caused i t s  value t o  r i s e  
from l70-I-20 mV. t o  2401-25 mV. The l a t t e r  value i s  i n  reasonable  
accord wTth t h a t  reporzed b y  Buck and G r i f f i t h  ( 4 )  f o r  t h e  oxida- 
t i o n  of methanol on a p l a t i n i z e d  platinum b a l l  a t  25"C, a t  a vol tage 
sweep r a t e  o f  8 mV./sec.  and methanol concent ra t ion  below 0.025M. 
Hence, a s  t h e  temperature i s  r a i sed ,  the Tafe l  s lopes  f o r  steady 
s t a t e  reverse  and forward sweep converge. 

i n t e r p r e t e d  i n  terms of Z one e l e c t r o n  t r a n s f e r  mechanism having a 
symmetrical  energy b a r r i e r .  However, s ince  t h e  sur face  concentrat ion 
of methanol changes w i t h  p o t e n t i a l  during the  scan i t  cannot be 
assumed t h a t  t h i s  s lope  i s  c h a r a c t e r i s t i c  of the e l e c t r o n  t r a n s f e r  
r e a c t i o n .  B r e i t e r  (l), assuming Langmuir k ine t i c s ,  and co r rec t ing  
the  observedcuzrknts  f o r  the  e f f e c t  of t he  sur face  coverage, tal- 
cu la t ed  a value of 0.67 f o r  m, If we consider  t h a t  the e f f e c t  of 

j 
1 

I 

1 A few l o g  i - p o t e n t i a l  curves f o r  the anodic oxida t ion  of 
The Ta fe l  s lopes  fo r  the  

I 

B 
A value of 125t-15 mV. i s  r ead i ly ,  although poss ib ly  naively,  
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decreased su r face  coverage r e s u l t s  i n  an apparent ly  increased Tafe l  
slope,  it would appear t h a t  our value of l25mV. i s  s i m i l a r  t o  t h a t  
observed by B r e i t e r  . (  l ) ,  i n d i c a t i n g  t h a t  the r a t e  determining s t eps  
a r e  the  same I n  ac id  and base.  

The Ef fec t  of Voltage Sweep Range 

t ed  b y  the  vol tage sweep range provided the maximum and minimum 
p o t e n t i a l s  a re  not  wi th in  the  range  of oxygen o r  hydrogen evolu t ion .  

I n  general ,  t h e  Ta fe l  s lopes  a r e  not  s i g n i f i c a n t l y  affec-  

The cu r ren t  maxima normally decrease wi th  decreasing most 
pos i t i ve  p o t e n t i a l s  a t t a i n e d  during the  sweep and the  number of 
cyc le s  requi red  t o  a t t a i n  a s teady s t a t e  i - V  curve increases .  Fig. 
5 d e p i c t s  the  e f f e c t  of decreasing the  maximum p o t e n t i a l  a t t a i n e d  
dur ing  a p o t e n t i a l  scan.  Reference has  a l ready been made t o  the  
i n f l e c t i o n  on t h e  i - V  curve f o r  t he  r eve r se  sweep ( see  Fig.  3) .  
T h i s  i n f l e c t i o n  changes t o  a marked minimum a s  the  most p o s i t i v e  
p o t e n t i a l  during the sweep i s  decreased from 1400 t o  gOOmV. The 
na tu re  of the  h y s t e r e s i s  loop i s  not s i g n i f i c a n t l y  a f f ec t ed  b y  the 
maximum p o t e n t i a l  provided i t  exceeds the  p o t e n t i a l  of t he  cur ren t  
maximum during the  forward sweep. 

The Effe'ct of Voltage Sweep Rate 

A s  found b y  o the r  i nves t iga to r s ,  the  cu r ren t  maximum rises 
wi th  increas ing  vol tage  sweep r a t e .  The f a c t  t h a t  s t i r r i n g  does not  
e f f e c t  t he  cur ren t -vol tage  c h a r a c t e r i s t i c  shows t h a t  increased  
cu r ren t s  a t  h igher  sweep r a t e s  cannot be accounted f o r  b y  a d i f -  
f u s i o n  process  i n  the bulk  of the  so lu t ion .  I n  addi t ion ,  t he  
increased cu r ren t s  can n e i t h e r  be accounted f o r  by  higher  double 
l aye r  charging cur ren ts ,  s ince  these  a r e  n e g l i g i b l e  a t  t he  higher 
methanol concent ra t ions .  It would appear t h a t  t h i s  phenomenon i s  
a r e s u l t  of a higher  concent ra t ion  of adsorbed ma te r i a l s  a t  the  peak 
p o t e n t i a l  as the sweep r a t e  i s  increased .  It has  been shown ind i r ec t ly  
t h a t  the  concentrat ion of methanol on the  sur face  a t  cons tan t  poten- 
t i a l  inc reases  w i t h  i nc reas ing  sweep r a t e s  (1). Furthermore, the  
i n h i b i t i n g  e f f e c t  of t he  sur face  oxide should decrease a s  the sweep 
r a t e  i s  r a i s e d  s ince  the  oxide adsorp t ion  r e a c t i o n  i s  r a t h e r  
i r r e v e r s i b l e .  

E a r l i e r  re ference  has been made t o  the  shoulder  on the  
i - V  curve a t  p o t e n t i a l s  exceeding t h a t  f o r  t he  cu r ren t  maximum ( see  
F ig .  3). The d a t a  on Fig.  2 would seem t o  i n d i c a t e  t h a t  t h i s  f e a t u r e  
d isappears  a s  t h e  temperature i s ' r a i s e d .  However, even a t  60°c, the  
shoulder may be made t o  r e a p p a r  when the  vol tage  sweep , r a t e  i s  
increased  t o  500 mV/sec. Such behavior i s  c h a r a c t e r i s t i c  of a sur- 
f ace  r eac t ion ;  and i t  was i n t e r p r e t e d  i n  t h i s  manner e a r l i e r .  The 
g r e a t e r  prominence of t h e  shoulder a t  the  lower temperatures may be 
ascr ibed  t o  the f a c t  t h a t  t h e ' c u r r e n t  f o r  t he  main r e a c t i o n  i s  
r e l a t i v e l y  more temperature dependept . 

Raising the vol tage  sweep r a t e  causes the  p o t e n t i a l  of the  
cu r ren t  maximum f o r  t he  r eve r se  sueep t o  d*?ccrrease. T h i s  i s  not  too 
s u r p r i s i n g  s ince  i t  was assumed t h a t  the decrease i n  cu r ren t  beyond 
t h e  maximum on the  forward sweep i s  caused by sur face  oxides;  and 
t h e - p e a k  cur ren t  f o r  the oxide reduct ion  s h i f t s  t o  'lower p o t e n t i a l s  
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as the  sweep r a t e  is inc reased .  A t  increased sweep r a t e ,  the in -  
f l e c t i o n  on the  i - V  curve f o r  the reverse  sweep becDmes more promi- 
nent .  T h i s  f e a t u r e  appears only a t  the lower temperature.  

The Ef fec t  of So lu t ion  Composition 

A s  the  methanol concent ra t ion  i s  r a i sed ,  the cur ren t  a t  
cons tan t  p o t e n t i a l  i n c r e a s e s .  H3wever, a t  concent ra t ions  exceeding 
1 0  Molar, t he  cu r ren t  begins  t o  decrease .  For the concentrat ion 
range 0.1 -2M, t he  s lope  of the  log  i vs .  log  c p l o t  a t  constant  
p o t e n t i a l  i s  uni ty ,  i n d i c a t i n g  t h a t  the  rea 'ction i s  d i r e c t l y  propor- 
t i o n a l  t o  t h e  methanol concent ra t ion .  The shape of the cu r ren t  vol- 
tage curves over t h e  range of concentrat ions where t h e  log 1 vs .  l o g  
c p l o t  i s  l i n e a r  i s  not  s i g n i f i c a n t l y  a f f e c t e d  unless  the sur face  re-  
a c t i o n  i . e .  oxide adsorpt ion,  becomes apprec iab le .  T h i s  occurs a t  
the  higher sweep r a t e s .  

methanol. During the  r eve r se  sweep, cathodic  cu r ren t s  a r e  observed 
and the  normal r eve r se  sweep peak cu r ren t  i s  absent .  Furthermore, 
a cur ren t  minimum and a p l a t eau  a r e  observed on t h e  forward sweep. 
S imi l a r  f e a t u r e s  have been observed f o r  t he  anodic oxida t ion  o f  
methanol i n  ac id .  The phenomena a r e  d i f f e r e n t  i n  nature ,  however, 
i n  t h a t  f o r  the b a s i c  system the minimum and p la t eau  a re  due t o  the 
oxide adsorpt ion c u r r e n t s  which cannot be t h e  explana t ion  f o r  t h e  
ac id  system s ince  the  observed cu r ren t s  a r e  too  high.  

The e f f e c t  of t he  concent ra t ion  of sodium hydroxide 
between 0.01 and 4.5M i s  small .  The genera l  shape of t h e  cur ren t -  
vo l tage  curve does no t  seem t o  be a f f ec t ed  s i g n i f i c a n t l y  a s  t h e  
concent ra t ion  i s  va r i ed  between the  l i m i t s  c i t e d .  

F ig .  6 d e p i c t s  the  curve obtained f o r  a s o l u t i o n  0.1M i n  

Current Trans ien ts  

I n  these  experiments, t h e  p o t e n t i a l  was r a i s e d  t o  a value 
between 1 2 0 0  and 1400 mV., and maintained a t  t h i s  po in t  f o r  about 
10 minutes. The p o t e n t i a l  was then decreased ins tan taneous ly  t o  a 
value between 200 and 400 mV.; and the  cu r ren t  recorded. Fig.  7 
d e p i c t s  t h e  cu r ren t  t r a n s i e n t  f o r  the  condi t ions  c i t e d .  The i n i t i a l  
p o r t i o n  when the  c u r r e n t  i s  negat ive has been omitted and the cur ren t  
t o  the  l e f t  of the graph i s  a combination of the  reduct ion  of sur -  
f ace  oxide and the  ox d a t i o n  of methanol. The peak cu r ren t  a t  400 

a f t e r  one second. The a rea  under t he  curve corresponds t o  the 
charge required t o  oxid ize  a monolayer of hydrogen. The reason for 
t h e  experiment was t o  g a i n  some i n s i g h t  i n t o  the  r e l a t i v e  r a t e s  of 
adsorp t ion  and ox ida t ion  a t  lower p o t e n t i a l s .  It must no t  be 
concluded t h a t  the peak cu r ren t  r ep resen t s  the maximum r a t e  of 
methanol adsorp t ion  a t  t h i s  p o t e n t i a l .  Obviously t h e  r a t e  of ad- 
s o r p t i o n  i s  considerably f a s t e r ,  s ince  the peak value inc ludes  a 
ca thodic  oxide r educ t ion  cu r ren t .  

Fu r the rmore , ' i t  would appear t h a t  t he  i n i t i a l  r eac t ion  
involves  the a b s t r a c t i o n  of one o r  more hydrogen atoms which a r e  
oxidized ins tan taneous ly  a t  a p o t e n t i a l  of 400 mV. The s luggish  
r e a c t i o n  is then a sc r ibed  t o  the  ox ida t ion  o f  t he  remaining methanol 
r a d i c a l .  

mV. i s  about 2.5mA/cm h , some 20-50 t imes g r e a t e r  than  t h a t  observed 

I 
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CONCLUSIONS 

We have already c i t e d  the  r e a c t i o n  mechanism proposed by 
V i e l s t i c h  ( 3 ) ,  who assumes t h a t  t h e  anodic oxida t ion  of platinum t o  
a platinum hydroxide i s  the  r a t e  determining s t e p .  The methanol 
subsequently r e a c t s  chemically w i t h  t he  meta l  hydroxide. The author 
Supports  h i s  hypothesis  b y  t h e  f a c t  t h a t  normally the p o t e n t i a l  of 
t h e  peak cur ren t  i s  independent of t h e  ox id izable  substance.  T h i s  
phenomenon is equal ly  well explained b y  t h e  assumption t h a t  a sur face  
oxide o r  hydroxide i n h i b i t s  the  oxida t ion  r e a c t i o n .  For, t h e  forma- 
t i o n  of t h i s  i n h i b i t o r  is e s s e n t i a l l y  independent of f u e l .  Further-  
more, i t  has been shown b y  V i e l s t i c h  t h a t  a t  higher  temperatures the 
p o t e n t i a l  requi red  t o  oxidize methanol decreases .  Although the 
author  expla ins  t h i s  phenomenon b y  assuming a base catalyzed dehy- 
drogenat ion mechanism, we have found no evidence f o r  h i s  hypothesis  
s i n c e  t h e  i - V  curves and Ta fe l  s lopes  f o r  t he  i n i t i a l  sweeps a re  
no t  s i g n i f i c a n t l y  dependent upon temperature between 0" and 60°C. 

base systems shows t h a t  t he  p o t e n t i a l s  a t  which appreciable  cu r ren t s  
a r e  obtained s h i f t  about the  same amount f o r  both systems (about 
300 mV.) a s  t he  temperature i s  r a i s e d  from 25" t o  85°C. It should 
a l s o  be s t a t e d  t h a t  t h e  equi l ibr ium p o t e n t i a l  f o r  the  bas ic  system 
is  some 250 mV. more negat ive  than  t h a t  f o r  t he  ac id  s y s t e m ;  and if 
t he  r e a c t i o n  mechanism, Ta fe l  s lope and exchange cur ren t  a r e  t h e  
same f o r  both systems, the ox ida t ion  of methanol i n  the  b a s i c  
system a t  80"c should be q u i t e  apprec iab le  near  t h e  p o t e n t i a l  of 
t he  hydrogen e lec t rode  i n  t h e  same s o l u t i o n .  It would then be r ea -  
sonable t o  assume t h a t  i f  the  dehydrogenation is base catalyzed i t  
i s  a l s o  ac id  ca ta lyzed .  

would m s u l t  i n  the  formation of a carbon monoxide spec ies  on t h e  
e l e c t r o d e  su r face .  It has been shown t h a t  the  f i n a l  product of t he  
ox ida t ion  of methanol is e i t h e r  formate o r  carbonate (3) .  This  
impl ies  t h a t  carbon monoxide fragments on t h e  su r face  a r e  f u r t h e r  
ox id ized .  Since the  carbon monoxide normally i n h i b i t s  anodic pro- 
cesses  ( 7 )  it may be assumed t h a t  t h e  substance i s  s t rongly  adsorbed; 
and should, therefore ,  decrease t h e  r a t e  of dehydrogenation s ince  
the  e l ec t rode  sur face  i s  no longer  a v a i l a b l e  f o r  c a t a l y s i s .  It 
appears t o  us, therefore ,  t h a t  a base catalyzed dehydrogenation 
mechanism i s  not  respons ib le  f o r  t h e  increased  cu r ren t s  i n  the  base 
s y s t e m .  

measurements, t h a t  even a t  t h e  lower temperature t h e  r a d i c a l s  a r e  
most d i f f i c u l t  t o  oxidize and enhanced dehydrogenation should n o t  
in f luence  t h e  r a t e  appreciably, a t  l e a s t  no t  a t  the  lower poten- 
t i a l s .  It seems t o  u s  t h a t  t h e  i n i t i a l  r e a c t i o n  sequence can b e s t  
be descr ibed b y  t h e  fol lowing mechanism 

Furthermore, examination of  t h e  i - V  curves f o r  ac id  and 

I n  t h e  b a s i c  s y s t e m  complete dehydrogenation of methanol 

It  i s  our hypothesis ,  i n  view of t h e  cu r ren t  t r a n s i e n t  

The CH3OadS i s  then  f u r t h e r  oxidized, and a t  p o t e n t i a l s  
below 600 mV. t h i s  ox ida t ion  process  is t h e  r a t e  determining s t e p  i n  
the  r e a c t i o n .  The a c t u a l  in te rmedia te  formed from the  adsorbed 
C H 3 0  will probably depend on the  f i n a l  product, whether; t h i s  be 
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the carbonate or t h e  formate ion .  I n  general ,  it would be reason- 
able' t o  assume t h a t  the intermediate  lies between CH3O and formalde- 
hyde (or  adsorbed formaldehyde) s ince  t h e  l a t t e r  i s  much more 
r e a d i l y  oxidized than  methanol ( 3 ) .  
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FORMATE I O N  - OXYGEN FUEL CELLS 

P .  G .  Grimes a n d  H .  H .  S p e n g l e r  
R e s e a r c h  D i v i s i o n ,  A l l i s - C h a l m e r s  Mfg. Co. 

Mi lwaukee ,  W i s c o n s i n  

I n t r o d u c t i o n  

F o r m a t e  i on  i s  o n e  of t h e  more r e a d i l y  o x i d i z a b l e  c a r b o n a c e o u s  
f u e l s  i n  bas ic  e l e c t r o l y t e .  I n  t h e  r a n g e  80-looo C ,  f o r m a t e  i o n -  
oxygen  f u e l  c e l l s ,  u s i n g  a p l a t i n u m - p a l l a d i u m  c a t a l y s t ,  h a v e  a p e r -  
f o r m a n c e  a p p r o a c h i n g  t h a t  of h y d r o g e n  o r  h y d r a z i n e  f u e l  c e l l s .  
Formate i o n - o x y g e n  f u e l  c e l l s  w i t h  a p l a t i n u m - p a l l a d i u m  c a t a l y s t  
h a v e  b e e n  shown t o  h a v e  a b o u t  twice t h e  o u t p u t  of m e t h a n o l  f u e l  
c e l l s  a t  a m b i e n t  t e m p e r a t u r e  (1). 

Formate s a l t s  a re  e a s i l y  h a n d l e d  as s o l i d s  o r  in s o l u t i o n ,  a r e  
s tab le ,  h a v e  low t o x i c i t y  a n d  are  p o t e n t i a l l y  low i n  c o s t .  Formic 
a c i d  may a l s o  be u s e d  as t h e  f u e l .  It a l s o  i s  s tab le ,  a n d  p o t e n -  
t i a l l y  low p r i c e d .  However ,  i t s  c o r r o s i v e  p r o p e r t i e s  demand t h a t  
i t  b e  h a n d l e d  w i t h  some care .  Formate s o l u t i o n s  i n  base a r e  s t a b l e  
a t  100' C .  A t  t h i s  t e m p e r a t u r e ,  t h e  f u e l  is n o t  v o l a t i l e  in c o n -  
t r a s t  t o  m e t h a n o l .  

T h e  i n v e s t i g a t i o n s  o f  t h e  formate f u e l  c e l l s  w e r e  e x t e n d e d  t o  
s t u d y  t h e  e f f e c t s  of t e m p e r a t u r e  o n , t h e  c e l l  o u t p u t .  F u r t h e r  s t u d -  
ies  i n v o l v e d  v a r i a t i o n  of c a t a l y s t  a n d  e l e c t r o l y t e  c o m p o s i t i o n  a n d  
f u e l  c o n c e n t r a t i o n .  

E x p e r i m e n t a l  

A s a n d w i c h  t y p e  f u e l  c e l l  was u s e d  i n  t h e s e  s t u d i e s .  Grooved  
a n d  m a n i f o l d e d  s t a i n l e s s  s t e e l  e n d  p l a t e s  h e l d  t h e  e l e c t r o d e s  a n d  
allowed u n i f o r m  f low of e l e c t r o l y t e - f u e l  a n d  o x y g e n  o v e r  t h e  e lec-  
t r o d e  s u r f a c e s .  An asbestos s h e e t  (0.060 i n c h  t h i c k )  s e r v e d  as 
t h e  s e p a r a t o r - s p a c e r  b e t w e e n  t h e  e l ec t rodes  ( 2 ) .  

was pumped t h r o u g h  t h e  c e l l  a n o d e  c o m p a r t m e n t  a n d  t h e n  b a c k  t o  t h e  
e x t e r n a l  h e a t e r  chamber .  Oxygen was s u p p l i e d  t o  t h e  c e l l  a t  o r  
s l i g h t l y  a b o v e  a t m o s p h e r i c  p r e s s u r e .  A p p r o p r i a t e  c e l l  t e m p e r a t u r e  
was m a i n t a i n e d  w i t h i n  2 10 C w i t h  a n  a u x i l i a r y  h e a t i n g  p a d .  The  
e x t e r n a l  h e a t i n g  a n d  pumping s y s t e m  was c o n s t r u c t e d  of T e f l o n ,  
g lass  a n d  s t a i n l e s s  s t e e l  materials. T h e  r e f e r e n c e  s a t u r a t e d  cal-  
omel e l ec t rode  (SCE) was c o n n e c t e d  t o  t h e  e l e c t r o l y t e  s y s t e m  b y  
means  o f  an e x t e r n a l  L u g g i n  c a p i l l a r y  t u b e .  

s u p p o r t  material .  E l e c t r o d e  p l a t i n g  s o l u t i o n s  were p r e p a r e d  b y  mix-  
i n g  a p p r o p r i a t e  a m o u n t s  (in a c c o r d a n c e  w i t h  t h e  r e q u i r e d  c a t a l y s t  
r a t i o )  o f  t h e  n o b l e  metal c h l o r i d e  s o l u t i o n s  c o n t a i n i n g  2 mg. of 

T h e  e l e c t r o l y t e - f u e l  mix ture ,  h e a t e d  i n  a n  e x t e r n a l  c h a m b e r ,  

P o r o u s  n i cke l  p l a q u e s  ( 0 . 0 2 8  i n c h  t h i c k )  were u s e d  as c a t a l y s t  
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metal p e r  m l .  a n d  t h e n  a d j u s t i n g  t h e  pH l e v e l  t o  1 w i t h  h y d r o c h l o r i c  
acid.  A vacuum f i l t r a t i o n  t e c h n i q u e  was u s e d  t o  d r a w  t h e  p l a t i n g  
s o l u t i o n  t h r o u g h  t h e  p o r o u s  n i c k e l  p l a q u e  a t  a s low f l o w  r a t e .  The  
r a t i o  of t h e  P d / P t  c h e m i d e p o s i t e d  o n  t h e  p l a q u e s  was t h e  same as 
t h a t  i n  t h e  m i x e d  p l a t i n g  s o l u t i o n s  ( 3 ) .  
washed  w i t h  d i s t i l l e d  water a n d  s t o r e d  i n  a d r y  a t m o s p h e r e .  A 
w a t e r p r o o f i n g  c o a t i n g  of T e f l o n  was a p p l i e d  o v e r  t h e  c a t a l y z e d  s u r -  
f a c e  o f  t h o s e  p l a t i n u m - p a l l a d i u m  : l e c t r o d e s , , w h i c h  were t o  b e  u s e d  
as c a t h o d e s  t o  p r e v e n t  e l e c t r o d  f l o o d i n g .  A l l  e l e c t r o d e s  were 
p l a t e d  w i t h  a t o t a l  of 60 mgfln'  o f  n o b l e  metal c a t a l y s t s .  
met r ic  area of t h e  e l e c t r o d e s  was 6.25 i o 2 ;  a n d  t h e  c u r r e n t  d a t a  
p r e s e n t e d  are e x p r e s s e d  in terms of a m p e r e s  p e r  s q u a r e  f o o t  (ASP).  

F u e l  c e l l  e l e c t r o d e s  were e v a l u a t e d  w i t h  a s i n e  wave ( 4 )  a n d  a 
square wave c o m m u t a t o r .  The  s q u a r e  wave c u r r e n t  was g e n e r a t e d  b y  a 
m e r c u r y  s w i t c h  f u n c t i o n  g e n e r a t o r .  O p e r a t i n g  power  was s u p p l i e d  by 
a 12 v o l t  s t o r a g e  b a t t e r y ;  a s e c o n d  12 v o l t  b a t t e r y  s u p p l i e d  t h e  
power  t o  o p e r a t e  t h e  a u x i l i a r i e s  of t h e  s q u a r e  wave g e n e r a t o r .  V o l t -  
age r e a d i n g s  were taken w i t h  a T e k t r o n i x  564 S t o r a g e  O s c i l l o s c o p e  
a n d  a R . C . A .  S e n i o r  vacuum t u b e  vo l tme te r  when u s i n g  t h e  s q u a r e  wave 
o r  s i n e  wave c o m m u t a t o r s ,  r e s p e c t i v e l y .  

s u p p l i e d  t o  t h e  c e l l  f o r  a p r e - p o l a r i z a t i o n  p e r i o d  of f i v e  m i n u t e s .  
E x p e r i m e n t a l  d a t a  a t  60 ASF were t h e n  t a k e n ,  1.e. a n o d i c  a n d  c a t h o d -  
i c  h a l f  c e l l  v o l t a g e s ,  t o t a l  c e l l  v o l t a g e  ( o h m i c  f r e e ) ,  a n d  t h e  oh- 
mic v o l t a g e  ( I R  d r o p )  of t he  c e l l .  

f o r  a t h r e e  m i n u t e  p o l a r i z a t i o n  p e r i o d  b e f o r e  t h e  p o t e n t i a l s  were 
m e a s u r e d .  F o r  t h e  l o w e r  t e m p e r a t u r e  (300 C) tests, t h e  c e l l  was 
o p e r a t e d  a t  a l t e r n a t e l y  h i g h  a n d  low c u r r e n t  d e n s i t i e s  t o  m a i n t a i n  
a n e a r l y  c o n s t a n t  t e m p e r a t u r e  i n  t h e  c e l l ,  h o w e v e r ,  i t  was n o t  nec -  
e s s a r y  t o  f o l l o w  t h i s  p r o c e d u r e  a t  1000 C .  

P l a t e d  p l a q u e s  were t h e n  

The  geo- 

For  t h e  h a l f  c e l l  s t u d i e s  a c u r r e n t  e q u i v a l e n t  t o  60 ASF was 

T h e  c e l l s  were n o r m a l l y  k e p t  a t  t h e  a p p r o p r i a t e  c u r r e n t  d e n s i t y  

R e s u l t s  a n d  D i s c u s s i o n  

Anode a n d  C a t h o d e  S t u d i e s  

F o r m a t e  s o l u t i o n s  i n  basic e l e c t r o l y t e  are s tab le  a t  e l e v a t e d  
t e m p e r a t u r e s ,  a l l o w i n g  o p e r a t i o n  of c e l l s  n e a r  t h e  b o i l i n g  p o i n t  of 
t h e  e l e c t r o l y t e  a t  a t m o s p h e r i c  p r e s s u r e .  S t u d i e s  a t  a m b i e n t  a n d  
e l e v a t e d  t e m p e r a t u r e s  w e r e  c o n d u c t e d  t o  d e t e r m i n e  t h e  p o l a r i z a t i o n  
c u r v e s  f o r  a n o d e s  a n d  c a t h o d e s  u s i n g  d i f f e r e n t  n o b l e  metal c a t a l y s t  
m i x t u r e s  w i t h  formate a n d  o x y g e n .  T h e  s t a n d a r d  p o t e n t i a l  f o r  t he  
a n o d e  r e a c t i o n  i s  1.02 v o l t s .  \ 

P r e v i o u s  s t u d i e s  h a v e  shown t h a t  formate i o n  i s  r e a d i l y  0x1- 
d i z e d  on a n  a n o d e  c a t a l y z e d  w i t h  a p l a t i n u m - p a l l a d i u m  mixture o r  
w i t h  p a l l a d i u m  (1, 3 ) .  P l a t i n u m  c a t a l y z e d  a n o d e s  are s e v e r e l y  p o l a r -  
i z e d  u n d e r  a p p l i e d  l o a d .  I n c r e a s i n g  t h e  p a l l a d i u m  c o n t e n t  of the  
c a t a l y s t  i m p r o v e s  t h e  a c t i v i t y  o f  t h e  a n o d e s  a t  30° C ( F i g u r e  1 ) .  
A l l  e l e c t r o d e s  h a d  a t o t a l  n o b l e  metal c a t a l y s t -  l o a d i n g  of 60 mg/in2. 
T h e  p a l l a d i u m  a n o d e  was t h e  least  p o l a r i z e d  o n  i n i t i a l  tests.  Upon 

I 
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e x t e n d e d  t e s t i n g  f o r  o v e r  a t h o u s a n d  h o u r s  a t  a m b i e n t  t e m p e r a t u r e ,  
a r a t i o  of f i v e  p a r t s  p a l l a d i u m  t o  o n e  p a r t  p l a t i n u m  b y  w e i g h t  
p r o v e d  t o  be  t h e  s u p e r i o r  c a t a l y s t  ( 1 ) .  

F o r m a t e  i o n  f u e l  c e l l s  were shown in t h e s e  s t u d i e s  t o  h a v e  
a b o u t  twice  t h e  p e r f o r m a n c e  o f  m e t h a n o l  f u e l  c e l l s  u n d e r  t h e  same 
c o n d i t i o n s  a t  a m b i e n t  t e m p e r a t u r e .  P e r f o r m a n c e  of t h e  m e t h a n o l  
a n o d e  is n o t  g r e a t l y  c h a n g e d  ( F i g u r e  2 )  when t h e  c e l l  t e m p e r a t u r e  
is ra ised t o  60° C ( l i m i t e d  b y  t h e  v a p o r  p r e s s u r e  of m e t h a n o l ) .  
However ,  a n o d e  p e r f o r m a n c e  of t h e  f o r m a t e  c e l l  is m a r k e d l y  improved  
b y  t h e  t e m p e r a t u r e  i n c r e a s e .  

Anode p o l a r i z a t i o n  c u r v e s  o b t a i n e d  f o r  c e l l s  o p e r a t i n g  a t  
90° C w i t h  4M p o t a s s i u m  formate a n d  4M p o t a s s i u m  h y d r o x i d e  e lec t ro-  
l y t e  a re  shown in F i g u r e  3 .  Th p o r o u s  n i c k e l  e l e c t r o d e s  were c a t -  
a l y z e d  w i t h  a t o t a l  of 60 mg/in5 of c a t a l y s t .  The  p e r f o r m a n c e  of 
a l l  t h e  a n o d e s  i m p r o v e s  w i t h  t e m p e r a t u r e  ( c o m p a r e  w i t h  F i g u r e  1 ) .  
O b v i o u s l y ,  t h e  data show t h a t  on i n i t i a l  tes ts ,  t h e  p a l l a d i u m  a n o d e  
g a v e  t h e  h i g h e s t  p o t e n t i a l  f o r  c u r r e n t s  b e t w e e n  1 a n d  200 ASF a t  
goo C .  T h e  same t r e n d ,  n o t e d  a t  t h e  l o w e r  t e m p e r a t u r e ,  of decreas- 
i n g  a n o d e  a c t i v i t y  w i t h  i n c r e a s i n g  p l a t i n u m  c o n t e n t  was o b s e r v e d ,  
e x c e p t  t h a t  t h e  p l a t i n u m  a n o  e was c o m p a r a b l e  i n  p e r f o r m a n c e  t o  the  
p a l l a d i u m  a n d  50 Pd/ lO P t / i n g  a n o d e s .  

The  e f f e c t  a t  30° a n d  900 of i n c r e a s i n g  p l a t i n u m  c o n t e n t  of 
a n o d e s  is d e p e c t e d  s c h e m a t i c a l l y  in F i g u r e  4 .  The m a r k e d l y  improved  
a c t i v i t y  o f  a p l a t i n u m  a n o d e  a t  goo C was u n e x p e c t e d  a n d  is i n e x p l i c -  
a b l e  a t  t h i s  t i m e .  

P r e v i o u s  c a t h o d e  s t u d i e s  w i t h  h y d r o g e n - o x y g e n  c e l l s  a t  a m b i e n t  
t e m p e r a t u r e  h a v e  shown t h a t  p l a t i n u m - p a l l a d i u m  m i x t u r e s  are more 
a c t i v e  t h a n  e i t h e r  p l a t i n u m  o r  p a l l a d i u m  ( 4 ) .  In t h e  4M p o t a s s i u m  
formate - 4M p o t a s s i u m  h y d r o x i d e  s y s t e m ,  t h e  oxygen  c a t h o d e  p e r f o r m -  
a n c e  i m p r o v e s  w i t h  i n c r e a s i n g  p l a t i n u m  c o n t e  t .  T h e  b e s t  c a t h o d e  
a t  30' h a s  a c o n t e n t  of 4 0  m g  Pd/20 m g  P t / i n '  c a t a l y s t .  The  p l a t -  
inum c a t h o d e  was h i g h l y  p o l a r i z e d  a t  30° C .  

The  oxygen  c a t h o d e  p o l a r i z a t i o n  c u r v e s  a t  goo C f o r  60 mg/in2 
of p l a t i n u m  a n d / o r  p a l l a d i u m  are  shown in F i g u r e  5. At ;  t h e  h i g h e r  
t e m p e r a t u r e s ,  t h e  a c t i v i t y  of t h e  c a t h o d e  c a t a l y s t  i n c r e a s e s  w i t h  
i n c r e a s i n g  p l a t i n u m  c o n t e n t .  However ,  a g a i n  t h e  p l a t i n u m  cathode 
is l e a s t  a c t i v e  a t  t h e  h i g h e r  c u r r e n t s .  The bes t  c a t h o d e  c a t a l y s t  
had e q u a l  a m o u n t s  of p l a t i n u m  a n d  p a l l a d i u m .  T h e  t r e n d  of c a t h o d i c  
a c t i v i t y  of p l a t i n u m - p a l l a d i u m  m i x t u r e s  i s  o p p o s i t e  t h a t  o f  a n o d i c  
a c t i v i t y  of t h e s e  same m i x t u r e s .  

The  e f f e c t  o f  formate i o n  c o n c e n t r a t i o n  on t h e  p o t e n t i a l  of 
t h e  oxygen  e l e c t r o d e  a t  goo C is shown in F i g u r e  6 .  A w a t e r p r o o f e d  
p o r o u s  n i c k e l  e l e c t r o d e  w i t h  e q u a l  a m o u n t s  o f  p l a t i n u m  a n d  p a l l a d i -  
um was u s e d  as t h e  c a t h o d e .  P o t a s s i u m  formate c o n c e n t r a t i o n  in t h e  
4M p o t a s s i u m  h y d r o x i d e  e l e c t r o l y t e  r a n g e d  b e t w e e n  0.5M t o  4M. 

c o n s i d e r a b l e  p o l a r i z i n g  e f f e c t  on t h e  b e h a v i o r  of t h e  c a t h o d e ;  a n d  
t h a t  t h e  e f f e c t  is greater  w i t h  i n c r e a s i n g  c o n c e n t r a t i o n  of p o t a s -  
s i u m  f o r m a t e .  F u r t h e r m o r e ,  t h e  p o l a r i z a t i o n  of t h e  a n o d e  decreases 
s l i g h t l y  w i t h  i n c r e a s i n g  c o n c e n t r a t i o n  of f u e l .  S imi l a r  r e s u l t s  
h a v e  b e e n  o b s e r v e d  f o r  t he  m e t h a n o l - o x y g e n  f u e l  c e l l  ( 5 ) .  E x p l a n a -  
t i o n s  f o r  a n  i n c r e a s e d  p o l a r i z a t i o n  of t h e  c a t h o d e  as t h e  c o n c e n t r a -  
t i o n  of t h e  d i s s o l v e d  f u e l s  are raised h a v e  n o t  b e e n  c o n s i d e r e d  i n  

It may be  s e e n  f r o m  F i g u r e  6 t h a t  t h e  f o r m a t e  f u e l  e x e r t s  a 
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d e t a i l .  I t  is f o r  t h i s  r e a s o n  t h a t  w e  s h o u l d  l i k e  t o  p r e s e n t  p o s s i -  
b l e  h y p o t h e s e s  f o r  t h i s  phenomenon.  The  d e c r e a s e  in a n o d e  p o l a r i z a -  
t i o n  as t h e  f u e l  c o n c e n t r a t i o n  is ra ised ( F i g u r e  6)  may be d u e  t o  
e i t h e r  a d e c r e a s e  i n  d i f f u s i o n  l i m i t a t i o n  o r  i n c r e a s e  i n  c o n c e n t r a -  
t i o n  of f u e l  in t h e  p r e - e l e c t r o d e  l a y e r .  S i n c e  t h e  i-V c u r v e s  do 
n o t  e x h i b i t  a d i f f u s i o n  l i m i t i n g  c u r r e n t  f o r  a n y  o f  t h e  c o n c e n t r a -  
t i o n s  s t u d i e d ,  i t  w o u l d  a p p e a r ,  t h e r e f o r e ,  t h a t  t h e  e f f e c t  of f u e l  
c o n c e n t r a t i o n  may b e  e x p l a i n e d  a p p r o x i m a t e l y  b y  t h e  c o n c e n t r a t i o n  
term in t h e  r a t e  e q u a t i o n .  

A l t h o u g h  t h e  n e t  r e a c t i o n  a t  t h e  oxy,gen e l e c t r o d e  is c a t h o d i c ,  
t h i s  e l e c t r o d e  may s t i l l  f u n c t i o n  as a n  a n o d e  f o r  formate i o n ,  p r o -  
v i d e d  a n  a d e q u a t e  s u p p l y  of f u e l  i s  p r e s e n t  a t  t h e  e l e c t r o d e  s u r -  
f a c e .  I f  t h i s  o c c u r s ,  t h e  n e t  c a t h o d i c  c u r r e n t  is less, a n d  l n -  
c r e a s e d  p o l a r i z a t i o n  w i l l  b e  o b s e r v e d .  

I t  h a s  b e e n  a s s u m e d  t h a t  t h e  a n o d i c  a n d  c a t h o d i c  r e a c t i o n s  are 
t o t a l l y  i n d e p e n d e n t  o f  o n e  a n o t h e r  o v e r  t h e  v o l t a g e  r a n g e  s t u d i e d .  
S i n c e  f o r m a t e  i o n  is p r o b a b l y  a d s o r b e d  on t h e  c a t h o d e ,  i t  wou ld  be 
r e a s o n a b l e  t o  a s s u m e  t h a t  t h e  s u r f a c e  c o v e r e d  w i t h  formate i s  n o t  
a v a i l a b l e  f o r  c a t a l y s i s  of  t h e  c a t h o d i c  r e a c t i o n .  However,  t h e  
p r e d o m i n a t i n g  f a c t o r  c o n t r o l l i n g  t h e  e f f e c t  of f u e l  on t h e  c a t h o d e  
p o l a r i z a t i o n  i n  t h e  s y s t e m  d i s c u s s e d  in t h i s  p a p e r  a p p e a r s  t o  be 
t h e  f o r m a t e  o x i d a t i o n  c u r r e n t ,  r a t h e r  t h a n  a d s o r p t i o n  o f  f u e l .  
T h i s  e x p l a n a t i o n  is s u p p o r t e d  b y  t h e  f a c t  t h a t  i n c r e a s e d  f o r m a t e  
c o n c e n t r a t i o n  r e s u l t s  in greater  c a t h o d e  p o l a r i z a t i o n .  F u r t h e r m o r e ,  
t h e  p e r f o r m a n c e  of  t h e  c a t h o d e  as  a f u n c t i o n  o f  t h e  c a t a l y s t  is t h e  
o p p o s i t e  o f  t h a t  shown f o r  t h e  a n o d e  I n  F i g u r e  6. 

O p e r a t i n g  C e l l s  

A c e l l  was c o n s t r u c t e d  u s i n g  a p l a t i n u m  a n o d e  a n d  a 30 mg Pd/ 
30 mg P t / i n 2  c a t h o d e .  T h e  s e l e c t i o n  of t h e s e  e l e c t r o d e s  was b a s e d  
on t h e  c a t a l y s t  s p e c t r u m  s t u d i e s .  T h e  p e r f o r m a n c e  of t h e  c e l l  u s -  
i n g  a 4M p o t a s s i u m  f o r m a t e  - 4M p o t a s s i u m  h y d r o x i d e  e l e c t r o l y t e  is 
shown i n  F i g u r e  7 .  An ohmic  f r ee  c e l l  v o l t a g e  of 0.82 v o l t s  a t  
2 0 0  amps  p e r  s q u a r e  f o o t  was o b t a i n e d  a t  goo C .  

Based  on t h i s  d a t a ,  a n  operating fdrmate i o n - o x y g e n  f u e l  c e l l  
s y s t e m  i n  s t r o n g  a l k a l i  e l e c t r o l y t e  c o u l d  p r e s e n t l y  b e  e x p e c t e d  t o  
p r o d u c e  120-170 ASP a t  0.8 v o l t s  p e r  c e l l  a t  goo C .  The  s y s t e m  c o n -  
s t r u c t i o n  w o u l d  b e  s i m i l a r  t o  t h a t  of a h y d r a z i n e  f u e l  c e l l  ( 2 ) .  
T h i s  p e r f o r m a n c e  a p p r o a c h e s  t h a t  of hydrogen-oxygen  a n d  h y d r a z i n e -  
o x y g e n  f u e l  c e l l s  a t  t h e  same t e m p e r a t u r e s .  F u r t h e r  s t u d i e s  of  t h e  
e f f e c t s  of t e m p e r a t u r e ,  formate i o n  c o n c e n t r a t i o n ,  a n d  c e l l  d e s i g n  
t o  m i n i m i z e  c o n t a c t  o f  f o r m a t e  w i t h  t h e  c a t h o d e  s h o u l d  l e a d  t o  
m a r k e d  i m p r o v e m e n t  in t h e  p e r f o r m a n c e  of t h e  f o r m a t e  i o n - o x y g e n  f u e l  
c e l l .  

T h e  o x i d a t i o n  of formate i o n  i n  t h i s  s y s t e m  p r o d u c e s  c a r b o n a t e  
i o n  a n d  consumes  h y d r o x y l  i o n .  C o n t i n u e d  o p e r a t i o n  of t h e  s y s t e m  
wou ld  c o n v e r t  t h e  c e l l  e l e c t r o l y t e  t o  c a r b o n a t e .  I f  t h e  c e l l  is t o  
b e  o p e r a t e d  a t  h i g h  pH, p e r i o d i c  r e p l a c e m z n t  o f  t h e  e l e c t r o l y t e  
wou ld  b e  r e q u i r e d .  However ,  i f  a small r e d u c t i o n  in p e r f o r m a n c e  1s 
n o t  a d e t r i m e n t ,  t h e  c e l l  c a n  b e  o p e r a t e d  u s i n g  a c a r b o n a t e  e l e c t r o -  
l y t e .  F i g u r e  8 s h o w s  t h e  c u r r e n t - v o l t a g e  c u r v e  o f  t h e  c e l l  Z i t h  4M 
p o t a s s i u m  formate  - 4M p o t a s s i u m  c a r b o n a t e  e l e c t r o l y t e  a t  90 C .  The 
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ohmic  f r e e  c e l l  v o l t a g e s  a t  200 and  100 ASP are 0.5 a n d  0.65 v o l t s ,  
r e s p e c t i v e l y .  

The p o l a r i z a t i o n  of t h e  f o r m a t e  a n o d e  is o n l y  s l i g h t l y  g r e a t e r  
i n  t h e  c a r b o n a t e  t h a n  i n  t h e  h y d r o x i d e  e l e c t r o l y t e s .  However ,  t h e  
p e r f o r m a n c e  o f  t h e  oxygen  c a t h o d e  i s  m a r k e d l y  p o o r e r  i n  t h e  c a r b o n -  
a t e  e l e c t r o l y t e .  The  d i f f e r e n c e  i n  p e r f o r m a n c e  o f  t h e  two c e l l s  
shown i n  F i g u r e  8 is d u e  p r i m a r i l y  t o  t h e  c a t h o d e  p o l a r i z a t i o n .  

I n  s p i t e  of t h e  greater p o l a r i z a t i o n  of t h e  c a t h o d e  in c a r b o n -  
a t e  e l e c t r o l y t e  s u c h  a s y s t e m  may r e a s o n a b l y  be  e x p e c t e d  t o  p r o d u c e  
100 t o  130 ASF a t  0.5 v o l t s  a t  90° C .  

C onc  l u s  i o n s  

The  f o r m a t e  i o n - o x y g e n  fue l  c e l l  w i l l  p r o d u c e  0.82 v o l t s  a t  
200 ASP (ohmic  f r e e )  a t  goo C w i t h  h y d r o x i d e  e l e c t r o l y t e .  Opera-  
t i o n  of t h e  f o r m a t e  i o n  c e l l  w i t h  a c a r b o n a t e  e l e c t r o l y t e  r e d u c e d  
t h e  p e r f o r m a n c e  of t h e  c a t h o d e ,  l o w e r i n g  t h e  o u t p u t  t o  0.5 v o l t s  a t  
200 ASP (ohmic  f r e e )  a t  goo C .  

P a l l a d i u m  a n d  p l a t i n u m  are t h e  b e s t  a n o d e  c a t a l y s t s  a t  t h i s  
t e m p e r a t u r e .  A mixed  c a t a l y s t  c o n t a i n i n g  e q u a l  a m o u n t s  of p l a t i -  
num a n d  p a l l a d i u m  is t h e  p o o r e s t  a n o d e  c a t a l y s t .  A t  30° C ,  how- 
e v e r ,  p a l l a d i u m  w a s  t h e  b e s t  a n o d e  c a t a l y s t  and  a c t i v i t y  d e c r e a s e d  
w i t h  i n c r e a s e  i n  p l a t i n u m  c o n t e n t .  The  mixed c a t a l y s t ,  r e f e r r e d  
t o  a b o v e ,  however ,  i s  t h e  b e s t  f o r  t h e  oxygen e l e c t r o d e  a t  b o t h  
30° and  goo C i n  t h e  p r e s e n c e  of f o r m a t e .  

of hydrogen  and  h y d r a z i n e - o x y g e n  f u e l  c e l l s .  T h i s  a l l o w s  t h e  f o r -  
mate Ion-oxygen  c e l l s  t o  be a p p l i e d  i n  spec ia l  a p p l i c a t i o n s .  

The  o u t p u t  of f o r m a t e  i o n - o x y g e n  f u e l  c e l l s  a p p r o a c h e s  t h a t  
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Fig. l.-EFFECT OF CATALXST ON ANODE POTENTIALS IN.4M 
POTASSIUM FORMATE AND 4M POTASSIUM HYDROXIDE AT 30°C 
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Fig. 2.-ANODE CURRENT-VOLTAGE CURVES FOR THE SYSTEMS 
4M METHANOL AND 4M POTASSIUM FORMATE I N  4M POTASSIUM 
HYDROXIDE AT 30" AND 60°C 
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1" Fig. 3 .  -EFFECT OF CATALYST ON ANODE POTENTIAL I N  4M 
POTASSIUM FORMATE AND 4M POTASSIUM HYDROXIDE AT 9 0 ° C  I 
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Fig. 4.-SCHEMATIC: ANODE VOLTAGE VS. CATALYST COMPOSITION 
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Fig. 5.-EFFECT OF CATALYST ON CATHODE POTENTIALS IN 4M 
POTASSIUM FORMATE AND 4M POTASSIUM HYDROXIDE AT 90°C 
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Fig. 6. -EFFECT OF POTASSIUM FORMATE CONCENTRATION ON ANODE 
AND CATHODE POTENTIALS IN 4M POTASSIUM HYDROXIDE AT 90°C 
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Fig.  7 .  -HALF-CELL VOLTAGES FOR THE BETTER ANODE AND CATHODE 
COR.IBINED I N  A S I N G L S  CELL W I T H  4M POTASSIUM FORllIATE AND 
4kI POTASSIUM HYDROXIDE 
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Fig. 8. -CURRENT-VOLTAGE CURVES FOR THE SYSTEMS FORMATE/4M 
POTASSIUM HYDROXIDE AND POTASSIUM FORMATE/4M POTASSIUM 
CARBONATE (OHMIC FREE) 
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AN ALKALINE METHANOL-AIR PRIMARY BATTERY SYSTEM 

R. E. Biddick & D. L. Douglas 

Research & Development Laboratory - Gould-National Batteries, Inc. 

Minneapolis, Minnesota 

A primary battery system operating on methanol dissolved in KOH, 
and air, has been developed to the laboratory hardware stage. Fuel-  
electrolyte solution flows by gravity through palladium-activated porous 
nickel electrodes. Teflon waterproofing and semi-permeable separators 
minimize fuel and electrolyte lo s s  through the cathode. Condensed i n  
a chimney, water i s  recycled from the emerging air stream. Extensive 
tes t s  carried out on a battery rated a t  30 W (one-third m a .  power) in -  
dicate that i n  series,  24 ce l l s ,  individually about one-fourth sq. ft. in  
area, deliver i 2  V. At  rated output, utilization of 5 molar CH30H/6 molar 
KOH fuel is ca. 55 Wh/lb. Single ce l l s  have been operated one year a t  
room temperatures, and cells in tes t  batteries have maintained 3000 hours 
of satisfactory output, A preliminary cos t  analysis indicates that the 
system can be competitive with existing primary and secondary batteries. 

INTRODUCTION 

The advantages of a methanol fuel and an alkaline electrolyte are well 
known i n  fuel cell lore. The two in combination suffer the disadvantage that alkali 
is consumed in the fuel cel l  reaction. Thus, for long term operation either a large 
reservoir must be provided or the electrolyte m u s t  be continuously purified of for- 
mate, carbonate and other reaction products. 

Three fairly comprehensive s tudies  of alkaline methanol systems have been 
reported in the literature. Murray and Grimes (I) describe a methanol-oxygen 
system in which methanol is metered into a circulating electrolyte. Temperature 
of the battery is controlled by a heat exchanger in the electrolyte loop. No means 
of reformation of carbonate ion to hydroxide ion was  provided, so that the s ize  of 
the electrolyte reservoir limits the operating t i m e -  about five hours in the system 
described. Electrodes are of a bipolar design. The anode consis ts  of a sintered 
nickel plaque impregnated with a palladium-platinum catalyst ,  and the  cathodes 
are fabricated from porous nickel plaques containing silver catalyst  and Teflon 
wetproofing. Considerable methanol is los t  through evaporation, but that which 
is oxidized goes to  carbonate. 

Vielstich (2) describes a methanol-air fuel battery and its application in a 
signaling device. In this case,  the electrodes are immersed in a container of 
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fuel-electrolyte solution,, the  spent  solution being replaced as required. 
Platinum ca ta lys t  on an unspecified porous carrier serves  as the anode, and the 
cathodes cons is t  of wetproofed porous carbon activated with silver. Natural 
convection and diffusion serve to  provide an adequate supply of air t o  open- 
topped cathodes. A 28-cel l  battery of this  design, fabricated by Brown, Boveri, 
Ltd. (Baden, Switzerland), was  tes ted  a s  a power source for a river navigation 
buoy over a s ix  month period. About a 10% loss in methanol (presumably by 
evaporation) w a s  experienced. Oxidation of fuel consumed is to carbonate ion, 

An alkaline methanol system in which dissolved sodium chlorite is used a s  
t h e  oxidizer h a s  been reported by Boies and Dravnieks ( 3 ) .  The development was 
not carried p a s t  the  s ingle  ce l l  stage. A fuel solution approximately 5M in 
methanol and 5M in  KOH is circulated past  an anode which consis ts  of a plati- 
nized substrate of flame-sprayed Raney nickel. The oxidant solution (4M in 
sodium chlorite and 5M in KOH) similarly flows through a cathode chamber. The 
cathode is flame-sprayed Raney nickel-silver and fuel and oxidant chambers are 
separated by a d ia lys i s  membrane. External heating of the reactant solutions is 
used to  maintain a c e l l  operating temperature of 55'C. An output of 144 mA/cmZ 
at 0.6 V is reported. Methanol is not oxidized pas t  the formate stage, and a 
considerable paras i t ic  l o s s  due to  chemical oxidation of methanol by chlorite 
occurs. 

This paper descr ibes  a study of a continuous flow alkaline-methanol fuel 
battery system which has  been carried through the. laboratory model stage. The 
work was  carried on as part of a joint research and development program of the 
Pure Oil Company and  Gould-National Batteries, Inc. A primary design objective 
was a reliable system capable  of unattended operation over periods of several 
months. Only s l ight ly  less important were f i rs t  cos t  and operating cost. A mini- 
mum of power-operated controls and auxiliaries are used. Natural forces, i.e., 
gravity and surface tension, serve to  effect and control the flow and distribution 
of reactants. 

CELL DESIGN 

Cell  design is shown schematically in Figure 1. A nickel sheet  forms one 
side of t h e  anode compartment, and a diaphragm forms the other side. The anode 
is a standard s intered-nickel  battery plaque in which palladium catalyst  has  been 
deposited. The cathode contains silver ca ta lys t  bonded to  nickel screen by 
Teflon particles in the  sub-micron size range, In s ingle-cel l  t es t s ,  electrode 
s i ze  has  been two or four inches square, while in  batteries the electrodes have 
been as large as one-fourth square foot in area. 

The diaphragm separating the electrodes may be either a semi-permeable 
membrane or a more porous separator such as asbestos .  In most of the cells con- 
structed t o  date, we have used Permion 300 or 320 type membranes such as have 
been used in  experimental silver-zinc batteries. 
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Electrical connection between ce l l s  is provided by a corrugated nickel 
screen which serves  a l s o  to  maintain sufficient separation between cells to  permit 
air convection. 

Electrolyte containing dissolved fuel is admitted to  the cell a t  the  top of the 
anode, flowing down under the influence of gravity through the anode compartment 
and dripping out of the cel l  into a collecting trough. 

SYSTEM DESIGN 

Cells  are stacked three per inch and are  held in place by compression be- 
tween end plates  connected by t ie  bolts. Fuel-electrolyte solution is distributed 
to  the ce l l s  in parallel flow by means of a system of wicks and manifold which 
is operable over a wide range of flow rates. 

Figure 2 of a 24-cell system. Natural draft over the height of the battery cabinet 
is sufficient t o  provide adequate air convection pas t  the cel ls .  Controls and de-  
sign features are provided t o  maintain flow rates  and temperatures within the 
l i m i t s  of satisfactory operation over a range of environmental conditions. 

Air enters the cabinet through a thermostatically controlled opening near 
the bottom. Air leaves the cabinet  through an opening near the top, entering a 
chimney of narrow rectangular c ross  section. Some water is condensed on the 
wal ls  of the chimney and returned to  the battery through the fuel distributor. To 
provide auxiliary cooling at high ambient temperature, metallic f ins  extend from 
each ce l l  through the back wall of the cabinet into a secondary air chamber 
through which natural air flow is thermostatically controlled. To prevent excessive 
heat  loss  in a cold environment, the cabinet and secondary air chambers are 
covered with a layer of polyurethane foam insulation. 

sponse to  battery output by means of a controller developed by Honeywell. 
Several types of valves and positioners have been tried. One type which resulted 
in good control characteristics consis ted of a needle valve having a s t e m  with a 
one-degree taper which was turned by a small reversible DC motor. 

The battery and fuel distributor are enclosed in a cabinet  as  shown in 

The feed rate of fuel-electrolyte solution is controlled automatically in re -  

. 

OPERATING CHARACTERISTICS 

A polarization curve for a typical natural-flow ce l l  at  room temperature is 
shown in Figure 3. In order t o  permit comparison with other types of cells in 
which electrolyte concentration changes are negligible, the data  in Figure 3 were 
obtained a t  a high feed rate. Maximum power output a t  t hese  conditions was 
about 10 W/ft2. 

flow of electrolyte, feed rate will be very slow in order to provide good utilization 
Ordinarily, i f  th is  natural-flow system is to  be operated with once-through 
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of reactants.  The effect of feed rate on output voltage is shown in Figure 4. 
These data were obtained with a six-cell uninsulated battery with natural con- 
vection of air. Voltage dependence shows two markedly different regions. At feed 
rates  between about 170-30070 of the theoretical  methanol ra te  (100-180% of 
theoretical potassium hydroxide rate), voltage is roughly proportional to feed rate. 
A t  higher feed r a t e s  voltage increases  only slightly with feed rate, and a t  very 
high rates voltage would decrease because of the cooling effect  of the feed. 

The explanation for this  operating character is t ic  lies in  the influence of re- 
actant  and product concentrations on reaction rate. At low fuel ra tes  concentration 
changes in the electrolyte are  extensive,  and a voltage gradient is observed 
through the cell along the  path of the electrolyte. The potentials of anode and 
cathode vs. a reference electrode both become more posit ive a s  the reference 
electrode is moved from the electrolyte inlet  to the electrolyte outlet. Single-cell 
data  illustrating t h i s  effect  are  shown in Table I. At  a feed rate of 275% of 
theoretical methanol, t h e  change in potential  between inlet  and outlet amounted 
to  0.14 V. 

TABLE I. EFFECT OF FEED RATE ON ELECTRODE POTENTIALS 

Feed: 5M CH30H - 6M KOH 
Current Density: 10 mA/cmZ 
Cel l  Temperature: 30'C 

Feed Rate, 
.% of Theoretical 
Methanol 

7 50 

470 

345 

295 

275 

Electrode Potentials vs. SCE in: 

Feed Effluent 

EAnode ECath. EAnode ECath. -- -- 
-.83 -.34 -.83 -.33 

-.80 -.32 -,80 -.32 

-.81 -.35 -.79 -.32 

-.80 - . 3 6  -.74 -.29 

-.78 -.39 -.65 -.24 

Measured 
Cel l  

Voltage 

.51 

.49 

.46 

.44 

.40 

Utilization of fuel,  in terms of specif ic  power output of the fuel solution 
in Wh/lb, can  be derived from the voltage dependence and is plotted in  Figure 4. 
If output voltage were strictly proportional to fuel rate in the  low rate region, 
then fuel uti l ization would be independent of fuel rate in t h i s  region. However, 
Figure 4 shows that fuel  utilization does increase sl ightly as fuel rate is 
decreased. 

Maximum fuel uti l ization with 5 M  CH30H-6M KOH fuel was  about 55 Wh/lb. 
I t  was  limited largely by methanol loss occurring by evaporation through the 
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diaphragm but a l so  by electro-osmotic flow of electrolyte through the diaphragm 
and cathode. These losses could be reduced through the use  of a more retentive 
diaphragm. Concentration of formate in the spent  electrolyte is less than 
0.05 mole/liter, indicating high selectivity t o  carbonate formation. 

solution and air. Table I1 lists operating temperatures of the 24-cell battery 
shown in Figure 2 at a fuel rate of about 30070 of theoretical based on methanol 
content of the 5M CH30H-6M KOH feed solution used; however, if  the fuel rate 
were calculated on the bas i s  of potassium hydroxide rather than methanol, it 
would be 180% of the theoretical rate required by the current. I n  these experi- 
ments air was forced through the cabinet at a metered rate rather than being 
allowed to flow by natural convection. 

Battery temperature is a function of current and of the flow ra tes  of feed 

TABLE 11; OPERATING TEMPERATURE OF 24-CELL BATTERY 

Ambient Temperature: 25'C 

Feed: 5M CH30H-6M KOH 

Feed Rate: 300% of Theoretical CH30H 

10 

10 

20 

Current Density Air Rate, Battery 
mA/cm2 70 of Theoretical Voltage 

200 10.8 

500 11.2 

200 8.6 

500 12.0 20 

Temperature, ' C  

61 

58 

79 

63 

At an am-lent temperature of 75'F, battery tempera u e  is roughly 60-65'6 
a t  current densi t ies  of 10-20 mA/cmZ and at the  air  ra tes  and feed rates  ordinarily 
used. At a low air  rate the boiling point of the fuel can be exceeded, resulting 
in severe reduction of output voltage. Cel l  voltages a t  these  currents are 
ordinarily between 0.4 and 0.5 V. 

USE AS A POWFR SOURCE WITH INTERMITTENT LOAD 

One possible application of this primary fueled-battery system is as a 
power source for signalling devices ,  many of which operate intermittently. A 
load of this  type was simulated by means of a timer operating for one second on 
and nine seconds off in  se r ies  with a 250 W, 12 V lamp. Since the current surge 
required to operate this  load was  greater than could be supplied directly by the 
fueled battery, a storage battery was connected in parallel  with the fueled 
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battery. The storage battery w a s  a 1 2  Ah, 10 V assembly of sealed nickel - 
cadmium cells". A schematic diagram of the system is shown in Figure 5. 

This system operated automatically for a three day test period, during 
which t i m e  the voltage under load remained within the range of 9.0 to 9.7 V. 
Although the storage battery w a s  operated under severe overcharge conditions for 
m o s t  of the tes t  period, i t  performed satisfactorily.  

LIFE TESTS 

Single ce l l s  have been tes ted at room temperature for periods up to one year ' 

under a continuous drain of 10 mA/cm'. Voltage decline has  occurred mainly a t  
the anode, amounting to 10 to 3070 of the- ini t ia l  voltage output. Cracks in epoxy 
edge s e a l s  have required some increase in feed rate during the progress of the 
tes t  in order to maintain cell performance at this  level. 

of operating time accumulated in  success ive  test batteries. The longest t ime  
which a battery has  been  operated thus far is 2000 hours; the battery was  utilized 
in system t e s t s  rather than battery life tests and was  subjected to more extreme 
operating conditions than  would be expected in  a n  optimum system design. 

cel l  reversals resulted i n  deposition of palladium and silver in the diaphragms to  
the extent  that electrical shorting occurred. The problem was eliminated by re- 
moving the cause  of cell reversal ,  namely, unequal feed rate to individual cells ' 
which resulted in excess ive  fuel depletion in some cells. 

Cel ls  in test bat ter ies  have maintained satisfactory output for 3000. hours 

In some early bat ter ies  containing cells with thin-membrane diaphragms, 

4 

OTHER FUELS 

Since the major c a u s e  of low methanol utilization in this system is the 
high volatility of methanol, one might expect legs  volatile fuels to overcome this 
difficulty. Ethyl alcohol,  for example, boils. 14'C higher than methyl alcohol. 
In a single cell test, however, fuel loss was  not reduced by the substitution of 
ethyl alcohol. Ethylene glycol is not a n  acceptable fuel because i t  forms an in- 
soluble oxidation product which plugs the cell passages.  

COSTS 

Based on a spec i f ic  power output of 50 Wh/lb of fuel solution and a cost 
of $O.iO/lb of methanol and potassium hydroxide, fuel cost would amount to  
$0.8 O/ kWh. 

complete system would be many times this amount in  s m a l l  scale production. 
Catalyst  cost is about $3/W, most of which is recoverable. Cost  of the 

* Manufactured by Alkaline Battery Division, Gould-National Batteries, Inc. 



-119 -  

Even so, with a life of only one year the alkaline methanol-air system might be 
economically competitive with existing primary and secondary batteries. 

CONCLUSIONS 

Because a natural-flow fueled-battery system can operate with a minimum 
of moving parts, i t  should be inherently reliable. The system can  Operate auto- 
matically and unattended, giving power on demand and maintaining i tself  in 
standby condition under no load. 

depolarized primary batteries or with secondary batteries. The system is simply 
recharged for a new period of use  by refilling the fuel-electrolyte reservoir with 
fresh solution. Life t e s t s  of single cells indicate  a useful life of a t  l eas t  one 
year and possibly considerably longer. 

Power capability can be substant ia l ly  higher than is practical with air- 

Cos ts  may be competitive with existing low-energy power sources. 
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SOME ASPECTS OF THE DESIGN AND OPERATION 
OF DISSOLVED METHANOL FUEL CELIS 

by 

K.R. Williams, M.R. Andrew and F. Jones 
”Shell” Research Ltd., Thornton Research Centre, P.O. Box 1, Chester, U.K. 

INTROWCTION 

It has long been recognized’ that a soluble fuel such as methanol 

may conveniently be used in low temperature fuel cells. However most early 

attempts to realize this type of he1 cell involved the use of an alkaline 

electrolyte, which would have been rapidly converted to carbohate. Thus 

potassium or sodium hydroxide solutions do not meet the requirements of 

invariance implicit in the definition of a fuel cell. At low temperatures, 

that is at ambient temperature and slightly above, carbonate electrolytes 

are unsuitable; not only is the performance of the oxygen electrode poor 

and the anode subject to concentration polarization, but formation of the 

bicarbonates, which are of low solubility, makes it difficult to conceive of 

a reasonably invariant system when such an electrolyte is used. If 

operation at around 120°C is acceptable, then Cairns and his c o - ~ o r k e r s ~ ~ ~  

have shown that caesium and rubidium carbonates can be used as invariant 

electrolytes for methanol fuel cells. However, the performance of 

present oxygen electrodes in this electrolyte ialls short of that obtaincnl 

in strong acids and bases. 

only strong acids and bases can be used as electrolytes for low temperature 

fuel cells if high current densities are required. 

Furthermore, as Williams and Gregory4 have shown 

These considerations suggest that a strong acid is likely to be the 

most satisfactory electrolyte for a direct methanol fuel cell. Of the 

strong acids, sulphuric seems the best choice if operation at temperatures 

between ambient temperature and 60 or 70°C is required. 

high specific conductivity, is non-volatile and, although it is 

This acid has a 
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corrosive, t he  problems attendarrt upon i ts  use are not insurmountable. In 

our experience the  performance of oxygen electrodes i n  sulphuric acid is 

marginally b e t t e r  than i n  phosphoric acid,  t he  major a l te rna t ive ;  a l s o  the 

e l e c t r i c a l  conductivity of sulphuric ac id  i s  higher than tha t  of phosphoric 

ac id  a t  low temperature. Perchloric ac id  o f f e r s  no s ign i f i can t  advantage 

over sulphuric a c i d  with our e lec t rodes  and a s  there  i s  a possible f i r e  

hazard with perchlor ic  acid and methanol we preferred sulphuric acid. 

Another advantage of  ac id  e l ec t ro ly t e s  i s  t h a t  water removal i s  

e a s i e r  than with an a lka l ine  e l ec t ro ly t e .  This i s  because, with an ac id  

e l ec t ro ly t e ,  hydrogen ions discharge on the  a i r  electrode t o  form water 

which is r ead i ly  removed. 

has t o  be t ranspor ted  from the  fue l  electrode through the  e lec t ro ly te  t o  t ? 

a i r  electrode. This  process takes place against  the  concentration gradient 

as the  concentration of e l ec t ro ly t e  i s  highest ,  and hence vapour pressure of 

water lowest, a t  t h e  region from which water i s  evaporated. 

~~ _ _  

On the  other hand i n  a lka l ine  systems, water 

There are various reasons f o r  accepting an upper l i m i t  of 

operating temperature of 70°C fo r  the dissolved methanol c e l l .  I n  the  

f i r s t  place methanol, even i n  solution, i s  su f f i c i en t ly  v o l a t i l e  a t  

temperatures above 69°C a s  t o  necess i ta te  s t r ingent  precautions against loss 

by evaporation. 

that a wide range o f  cheap, commercially ava i lab le  p l a s t i c s  of fe rs  suf f ic ien t  

temperature and corrosion res i s tance  t o  be usefu l  f o r  f u e l  c e l l  construction. 

Additionally, cor ros ion  problems, pa r t i cu la r ly  in t he  v i c in i ty  of the a i r  

electrode, a r e  aggravated by increased temperatures and o f f e r  a fur ther  

incentive t o  r e l a t i v e l y  low temperature operation. 

designed t o  run a t  about 60°c, it w i l l  have a reasonable output a t  room 

temperature and w i l l  start eas i ly  from cold. 

Secondly, an upper temperature l i m i t  of about 70°C means 

Finally,  i f  a c e l l  i s  

2 
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The a b i l i t y  t o  operate an invar ian t  ac id  e l ec t ro ly t e  system at a 

re l z t ive ly  l o w  temperature may be of importance where extreme longevity is 

required. 

with increasing operating temperatures but even a t  the present s t a t e  of the  

art ,  l i v e s  o f  the  order of y'ears appear possible i f  temperatures can be 

kept f a i r l y  c lose  t o  30°C. 

In  our experience the  r a t e  of e lec t rode  de te r iora t ion  inc reases ,  

EXPERIMENTAL 

For  our a i r  e lec t rodes  we have developed a s t ruc tu re  i n  which micro- 

This subs t ra te  5 p o r m s  polyvinyl chloride (P.V.C.) i s  used a s  the  subs t ra te  . 
is  made conducting by being coated with a n  evaporated metal l a y e r ,  which 

may be thickened by electrodeposit ion of more metal. Finally,  a . c a t a l y s t  

i s  applied t o  the  electrode surface. 

gold as the conducting metal layer.  

acceptable, the i n t r i n s i c  value of t he  subs t ra te  (microporous polyvinyl 

chloride together with the  gold fi lm) i s  only about $ l .w per sq . f t .  

In ac id ' e l ec t ro ly t e s  we have used 

Since qu i t e  t h i n  layers  o f  gold are 

The performance of oxygen and a i r  electrodes of t h i s  type i n  ac id  

and i n  ac id  t o  which methanol has been added is shown in Figure 1 i n  which 

the  sca le  of the ordinate i s  exaggerated i n  order t o  emphasize the  

d i f fe rences  in  electrode performance. It can be seen t h a t  t he  voltage 

of  the  a i r  electrode throughout the cur ren t  range is within 50 mV of that 

of t he  electrode using pure oxygen. This i s  cha raa t e r i s t i c  of  electrodes 

of t h i s  type provided t h a t  the  c a t a l y t i c  a c t i v i t y  is high. 

presence of methanol i n  the  e l e c t r o l y t e  has a subs t an t i a l  e f f e c t  on the open 

c i r c u i t  voltage of the  a i r  electrode, a t  usefu l  cur ren t  dens i t i e s  1M illethanol 

Whilst the  

depresses the  po ten t i a l  of the  air  e lec t rode  by only 20-50 mV. 
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We have found that the  microporous p l a s t i c  also makes an idea l  

subs t ra te  f o r  methanol electrodes.  

both s ides  of the  mater ia l  t o  make a complete c e l l .  

subs t ra te  i s  used f o r  the  air  electrode and the other  s ide  f o r  the  methanol 

This qu i te  na tura l ly  led  t o  our using 

One s ide  of the  

electrode,  the  c e l l  thickness being the  thickness of t h e  porous p l a s t i c  

i t s e l f .  

with an in te r -e lec t rode  dis tance of 0.030 inch and having a very low 

Thus i t  is now a r e l a t ive ly  simple matter t o  make complete c e l l s  

1 

i n t e r n a l  res is tance.  

The performance of both methanol and a i r  e lectrodes i n  a complete I 

c e l l  a t  25°C and 60°c i s  shown i n  Figure 2. Over t h i s  temperature range, 

the  a i r  electrode is re l a t ive ly  unaffected by the  temperature of operation 

whereas the voltage of the  methanol e lectrode a t  reasonable current  dens i t i e s  

decreases by about 1 0 0  mV as the  temperature i s  raised. The in t e rna l  

res i s tance  of t he  f u e l  c e l l s  is, of course, varied by electrode separation. 

3 

A t yp ica l  voltage l o s s  due t o  i n t e rna l  res i s tance  at  a current  densi ty  of 

1 0 0  N s q .  cm would be 45 mV p e r  c e l l .  

Methanol-air ba t t e r i e s  with sulphuric ac id  e l ec t ro ly t e  have been 

b u i l t  from c e l l s  of t h i s  type. The a l t e rna t fve  design i n  which a separate  

piece of porous p l a s t i c  is used f o r  each electrode, with a r e l a t ive ly  th ick  

e l ec t ro ly t e  l a y e r  between the electrodes,  has a l s o  been used i n  the  
/I 

construct ion of ba t t e r i e s .  Both designs of c e l l  a r e  shown schematically 

i n  Figure 3. With both types of ba t te ry  in t e rna l  e l e c t r i c a l  connections 

from the  electrodes t o  the  conducting c e l l  separators  were made from gold- 

p la ted  p l a s t i c  mesh. Thus se r i e s  e l e c t r i c a l  connection is  b u i l t  i n to  

the  ba t te r ies .  The mesh chosen allows the  f r ee  passage of gas past  the  

a i r  electrodes,  escape of carbon dioxide bubbles from the  e lec t ro ly te  and 

cur ren t  co l lec t ion  from the  surface r a the r  than from the  periphery of the 
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electrodes.  

and Figure 4 shows a 300 w a t t  methanol-air b a t t e r y  of 4 0  c e l l s .  

The construct ion of this type of c e l l  is  described elsewhere 5 

During operation of an 8-ce l l  prototype methanol-air f u e l  c e l l  

using 6N sulphuric acid,  t h e  fue l -e lec t ro ly te  mixture developed an ester- 

l i k e  smell. 

analysed by gas-liquid,chromatography. 

The e l e c t r o l y t e  w a s  ext rac ted  w i t h  e ther  and t h e  extract 

I n  addi t ion t o  the intermediates 

normally encountered (formaldehyde and formic, acid),  t r a c e s  of ace t ic ,  

propionic, butyr ic  and isobutyr ic  ac ids  were detected together  with some 

unident i f ied compounds. These materials were n o t  present  i n  either the  

methanol used as f u e l  o r  i n  t h e  e t h e r  used f o r  t h e  extract ion.  

These s ide  products are present  i n  small quant i t ies  but may be 

s t rongly adsorbed on the e l e c t r o c a t a l y s t  thereby causing the observed slow 

decl ine i n  e l e c t r i c a l  output with t i m e .  Experiments i n  which small 

q u a n t i t i e s  of these materials were de l ibera te ly  introduced i n t o  a fresh 

e l e c t r o l y t e  - f u e l  mixture showed t h a t  they had a poisoning e f f e c t  on t h e  

methanol electrode. 

- 

We have car r ied  out some preliminary experiments t o  determine the  

source of these poisons. The first p o s s i b i l i t y  that  occurred t o  us  w a s  

t h a t  these mater ia ls  might arise as a r e s u l t  of a t tack  by the  acid 

e l e c t r o l y t e  on one o r  o ther  of the  p l a s t i c s  present i n  the c e l l  (polystyrene, 

Perspex, P.V.C., o r  polyethylene). 

of these  organic acids  a f t e r  prolonged anodic oxidation of methanol i n  

6N sulphuric ac id  i n  a l l -g lass  apparatus with a platinized-platinum anode. 

We were able  however t o  d e t e c t  t races  

, I  
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DISCUSSION 

I n  sp i t e  of t he  d i f f i c u l t i e s  of choosing inexpensive, acid- 

r e s i s t a n t  construct ional  mater ia ls ,  developing su i tab le  e lec t roca ta lys t s  and 

minimizing the e f f e c t s  of impuri t ies  on the  electrodes,  we have b u i l t  a 

s e r i e s  o f  sa t i s fac tory  methanol-air ba t t e r i e s .  

8-cei i  prototype - w a s  b u i l t  i n  September 1963 and is st i l l  operational,  

giving 2.85 watts a t  1 amp compared with its i n i t i a l  performance of 3.15 watts 

The first ba t te ry  - a s m a l l  

a t  the  same current  densi ty .  

f o r  t he  only servicing t h e  ba t te ry  has  received is  an occasional wash with 

d i s t i l l e d  water. 

This t e s t i f i e s  t o  the  longevity of'the system, 

Since t h e  prototype was b u i l t  we have been able t o  bui ld  la rger  

b a t t e r i e s  using improved e l e c t r o c a t a l y s t s  and t h i s  work has led  t o  the  

construct ion of a 40-cel l  ba t te ry  de l iver ing  300 wat ts  a t  12 v o l t s  a t  60°C. 

With t h i s  bat tery,  as w i t h  all t he  o ther  ba t t e r i e s  w e  have constructed, 

there has a l w a y s  been an e s t e r - l i ke  smell and organic acids  have been 

de tec ted  frequently.  

these  materials.  

It is i n t e re s t ing  t o  speculate on the  or ig ins  of 

Whilst rad ica l  dimerizations a re  f requent ly  encountered in electro-  

6 chemical processes , this type of reac t ion  does not seem l i k e l y  here. 

a rad ica l  were polymerizing then the  expected y ie lds  of acids would be 

butyr ic  << propionic << ace t ic .  

ac ids  is only q u a l i t a t i v e  it seems t h a t  they are present in quant i t ies  which 

I f  

Even though the  i so l a t ion  of t he  organic 

decrease only slowly as one goes up t he  homologous series. 

route  appears t o  be an a t t ack  of: a r ad ica l  on a methanol molecule. 

Thus the l i ke ly  

The exis tence of t h e  r ad ica l  H - C - OH has  been postulated i n  the 
I 1  
M 



I 
I! 

-131-  

Fischer-Tropsch synthesis7 of organic compounds from carbon monoxide ahd 

hydrogen. 

workers8”, m i g h t  have t h i s  s t ruc ture  i n  the  adsorbed s t a t e  and, by 

Progressive condensations with methanol and subsequent rearrangements, would 

l ead  t o  aldehydes which, under the anodic conditions present, would be 

electrochemically oxidized t o  the  organic acids which have been detected. 

However, until a more thorough inves t iga t ion  of the spectrum of prcducts i s  

available,  the reac t ion  mechanism must remain obscure. 

Formaldehyde, which has been detected i n  so lu t ion  by severa l  

Finally,  although these s ide  reac t ions  cause some trouble,  the  

longevity of our prototype ba t t e ry  t e s t i f i e s  t o  the  f a c t  t h a t  they do not 

have a d isas t rous  e f f e c t  on c e l l  l i f e .  However, a t t en t ion  w i l l  have t o  be 

devoted not  only to improving the  e f f ic iency  of e lec t ro-ca ta lys t s  for the 

methanol oxidation but a l s o  t o  the  suppressionof s ide  reactions.  

i f  a ca t a lys t  is s u f f i c i e n t l y  good f o r  t he  overa l l  reac t ion  of methanol t o  

Probably, 

carbon dioxide, 
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5. K.R. 

Eng . 
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the  s ide  products w i l l  be formed i n  negl ig ib le  quant i t ies .  
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A COMPARISON BETWEEN EXTERNAL AND INTERNAL REFORMING 
METHANOL F U E L  CELL SYSTEMS 

Nigel I. P a l m e r ,  B. Lieberman and  M. A. Vertes  

Lee  sona Moos Lab0 ra t0  r i e s  
Division of Leesona Corporation 

Grea t  Neck, New York 

INTRODUCTION 

With the r e su l t s  of s eve ra l  y e a r s  work in  many labora tor ies  now available, 
it is possible t o  compare  the r a the r  l imited number  of fuel ce l l  sys t ems  capable 
of operating on carbonaceous fuels. 
conceptually simple,  it m u s t  be conceded that none m e e t  the or ig ina l  objectives of 
ultra-high efficiency and sys t em simplicity. 
leading to base compar isons  only on the cha rac t e r i s t i c s  of the cen t r a l  component, 
ice. , the fuel cell. 
c'omplete 6 kw fuel ce l l  sys t ems  operating on methanol and air. 

d i r ec t  anodic oxidation approach  r ema ins  conceptually the  m o s t  attractive.  
However, unsolved problems of catalyst  cos t  and stability, co r ros ion  and 
e lec t rochemica l  efficiency have so f a r  prevented i t  entering a development stage. 
The remaining approaches  may all be te rmed ' indirect '  in that  the anodic oxida- 
tion s tep  involves hydrogen produced f rom the fuel i n  a previous stage. System 
(2),  using a n  ac id  e lec t ro ly te  ce l l  re ta ins  some o f  the problems of the d i r ec t  
sys t em;  namely, ma te r i a l s  and catalyst  stabil i ty in  acid,  plus poisoning by . t race  
amounts of carbon monoxide. 
developed, re ta ins  the advantages of a basic electrolyte ce l l  by prepurifying the 
hydrogen - -  usually with a pa l lad ium/s i lver  diffuser. ' A var ia t ion  of this sys tem 
combining the l a s t  two s t ages  by the  use  of 
has been descr ibed  by Chodosh and Oswin. (') More  recently, Ver tes  and Har tner  
have descr ibed  an  a l te rna t ive  approach(2) originally developed at Leesona  Moos 
Labora tor ies  in which the  reforming, purification and anodic oxidation s t eps  a r e  
integrated within the anode s t ruc tu re  (System 5). 

Although many of the approaches  a r e  
, 

Because of this,  i t  may  be m i s -  

The object of th i s  paper is  t o  compare  designs for two 

Figure  1 i l l u s t r a t e s  the bas ic  sys t em options that a r e  available. The 

System ( 3 )  which is  undoubtedly the  m o s t  

a l l ad ium/s i lve r  anodes (System 4) 

This is r e fe r r ed  to as an 
' integral  reforming'  o r  ' in te rna l  reforming'  fuel ce l l  system. 

In principle all the  s y s t e m s  shown a r e  capable of operating on any 
carbonaceous fuel. Methanol, however, offers s eve ra l  advantages f o r  fuel ce l l  
use,  and the sys t ems  compared  have been designed fo r ' t h i s  fuel. 
f ac to r s  determining this choice were :  

Significant 

i. 

2. 

3. 

4. 

The favorable thermodynamics.  of methanol re forming  at 
relatively low tempera ture .  
The favorable kinetics and catalyst  stability obtained for the  
methanol re forming  reaction. 
The complete miscibil i ty of methanol and water  with resultant 
simplification of sys tem design. 
The availability of relatively cheap, high purity methanol. 
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INTERNAL REFORMING PRINCIPLES 

Before discussing the  overa l l  sys tems,  i t  will be necessa ry  to descr ibe  
briefly the operating pr inc ip les  of the in te rna l  reforming electrodes.  F igure  2 
i l l u s t r a t e s  the sequential s t eps  involved. 
water  is  vaporized and passed  through a catalyst  bed contained in a thin plenum 
chamber  behind the pal ladium/ s i lve r  membrane.  
methanol occurs  first,followed by shift conversion of the resultant carbon 
monoxide. 

An equimolar  mixture  of methanol and 

Here  dehydrogenation of the 

Dehydrogenation CH30H -CO t 2 H2 (1) I 

Shift CO t HZO-Hz t CO2 ( 2 )  
Overal l  CH30H t H20-CO2 t 3 H2 (3) 

I" 
7 .  1 1 .  --, _ _  - ~ - - -  1- _ _ _ _  _ _ _ _ _  A _-__ -u.ze diffuses through the pal ladium-si lver  

membrane  to the e lec t ro ly te  s ide  where  i t  is anodically oxidized. 
pal ladium/ 25% s i lver  membrane ,  1 mi l  thick, activated with palladium black(3) 
imposes  no r e s t r a in t  on the  reaction and limiting cu r ren t s  exceeding 1 a m p / c m 2  
have been obtained. 
base, but 8570 KOH h a s  been  p re fe r r ed  because of i t s  lower vapor p re s su re ,  lower 
cor ros ion ,  and the higher  per formance  obtained. 

In this sys t em the 
necessa ry  hea t  can be supplied d i rec t ly  by the waste heat produced in the cell  by 
entropy and polarization lo s ses .  Various side reactions such as the methanation 
reaction can be suppressed  by p rope r  selection of the catalyst. 
been obtained using a mixed  oxide type catalyst. It may be observed h e r e  that 
because of the physical separa t ion  of catalyst  f rom electrolyte,  optimization of 

Thermo- 
dynamically, conversion to hydrogen is 99% complete a t  16OoC. The lower 
t empera tu re  l imit  f o r  operat ion is  established at about this point by kinetic 
considerations.  
and ma te r i a l s  l imitations within the  cell  itself. 
operating tempera ture  r equ i r e s  an  ana lys i s  of se;eral other in te r re la ted  fac tors  
and i s  d i scussed  in a l a t e r  section on sys t em design. 

The 75% 

The e lec t ro ly te  employed can in principle be either acid o r  ,r 

The overall  re forming  reaction is  endothermic. 

Bes t  resu l t s  have 

t 

the catalyst  is substantially e a s i e r  than f o r  a d i rec t  oxidation anode. ,I 

A higher  operat ing l imi t  of 3OO0C is established by electrolyte 
Selection of the optimum I 

SYSTEM EFFICIENCIES 

The p r imary  r eason  f o r  using a fuel ce l l  is the  high efficiency of energy ! 
) I  conversion, although account  mus t  be taken of other fac tors  such as weight. 

volume, capital cost ,  etc. The pr ior i ty  of these  will be determined by the I' I 

requi rements  of a pa r t i cu la r  application. 
The net t he rma l  efficiencies of both fuel cell  sys t ems  can be expressed  a s  

functions of the same  s e t  of component efficiencies;  however, the in te r re la t ions  
and l imi t s  of these component efficiencies a r e  quite different fo r  the two cases.  
F igu re  3 shows the location of the points of energy l o s s  - expressed  as 
efficiencies. 
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The efficiencies considered are: 
N~~ system efficiency V N  = Net  e lec t r ica l  energy del ivered 

Heating value of CH30H supplied 

H2 produced in  the r e f o r m e r  
ff2 s toichiometr ical ly  available f r o m  

Conversion efficiency q c  

G H ~ O H / H ~ O  

Heat  exchange efficiency V E  I Heat 
Heat available 

H2 anodically consumed 
Tota l  H2 produced 

Utilization efficiency V U  

cell thermal efficiency V T  = Gross  e lec t r ica l  energy produced 
Heating value of H2 consumed 

~ ~ i l i ~ ~ i ~ ~  efficiency VA Net e lec t r ica l  energy  del ivered 
G r o s s  e lec t r ica l  energy produced 

Evidently, defined i n  this way the net  sys t em efficiency is expres sed  as a 
product of the component efficiencies. 

I where:   AH^^^ = lower heating value of H2 ( a t  ce l l  t empera ture)  
 AH^^^^ lower  heating value of CH30H (at room tempera ture)  

At any s teady operation condition, a s ta te  of thermal  neutrality m u s t  be obtained 
fo r  the system. 

neutrality is achieved in this sys t em by oxidizing the purge gases  f r o m  the 
hydrogen ex t rac tor  and supplying the heat produced to  the re former .  Provis ion 
mus t  a l so  be made f o r  removing the ce l l  waste  heat  which in  this sys t em is not 
utilized. 

Case  I. Externa l  Reforming System. The requi rement  of thermal  

' 

Writing a simplified energy balance f o r  the sys tem,  

L 

where: AHR E heat  requi red  to r e fo rm methanol ,Kcals /g .  mole 
A H v  z heat  to  vaporize and superhea t  methanol and water ,  

J 

Kcals /g .  mole  
Considering the components of efficiency: The conversion efficiency vc 

w i l l  have a theoret ical  limit establ ished by the thermodynamics of react ions (1) 
and (2). 
resu l t s  f r o m  kinetic fac tors ,  i. e . ,  need to  minimize the r e f o r m e r  volume. With 
external  reformlng this  res t r ic t ion  is not se r ious  and values for  QC as high a s  0.95 
m a y  be obtained. The ce l l  efficiency V T  has  a theoret ical  l imit  imposed  by the ce l l  
entropy lo s ses  (approximately 0. 9) a n d  a prac t ica l  l imit  determined by a tradeoff 
between the capi ta l  cos t  and  operating cost. Since the cel l  waste heat i s  not utilized, 
thermal  balance requirements  do not impose an additional limit. The auxi l iar ies  
efficiency vA can theoret ical ly  approach 1. 0 f o r  a s imple system; i n  prac t ice  i t  
w i l l  be as low as  0. 7 i n  small sys tems,  r is ing to  higher  values as the g ross  power 
level  increases .  

This  exceeds 0.99 a t  20OoC. In pract ice  however, the p r imary  limitation 
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' The H2 utilization efficiency has  a theoret ical  l imi t  in  ex terna l  re -  
forming sys tems,  imposed  by the need to  supply r e fo rmer  heat. 
w i l l  be determined by the convers ion  efficiency and the heat  exchange efficiency 
between the catalytic bu rne r  and the re former .  The interrelat ionship between 

q c  and V E  is given i n  equation (5) and is shown graphical ly  in F igure  4. 
F o r  a given conversion level  and hea t  exchange efficiency, the value of V U  in 
this  graph represents  the maximum utilization possible for  t he rma l  balance. 

Table 1 shows the effect  of component efficiencies on the sys tem net 
t he rma l  efficiency. Three  c a s e s  are considered;  the f i r s t  r e f e r s  to  ul t imate  
theoret ical  limits assuming complete  reversibi l i ty  of each  component, the second 
r e fe r s  t o  probable prac t ica l  l imi t s  that m a y  be approached,and the th i rd  gives  
s ta te-of- the-ar t  values employed i n  the present  designs. In  the second case  a 
limiting operating voltage of 1. 0 V is assumed. 

This  l imi t  

V u ,  

Table 1. Externa l  Reforming Sys tem - Component Efficiencies 

Eff ic iencies  

V C  
Cell  VT 
Auxiliaries 77A 
Heat Exchange VE 

VU 
Net  17, 

C onve r s ion 

Utilization 

Theoret ical  P rac t i ca l  
L imi t  Limi t  

1. 0 0.95 
0 .9  0. 75 
I. 0 0.95 
1. 0 0. 80 
6. 78 0. 77 

0. 80 0. 51 

P r e s e n t  Design 
(State of the Ar t )  

0. 91 
0. 62 
0. 83 
0. 70 
0. 76 

. 0.40 

.- 

Case  II.. In te rna l  Reforming System. Considering now the in te rna l  
reforming system, it is evident tha t  the same  express ion  (5)  f o r  net efficiencies . 
m u s t  hold. However, the expres s ion  fo r  t he rma l  neutral i ty  is  quite different 
s ince hea t  i s  now supplied by  the cell: 

rlc AHR t AHv = 3 Vc Vu V E '  (1 - V T )  AHox' (6) 

The ce l l  thermal  eff ic iency m a y  be expressed  in  t e r m s  of operating voltage (E): 

Substituting this into equation ( 6 ) ,  a n  express ion  i s  obtained relat ing the 
conditions f o r  the rmoneut ra l i ty  t o  the cell voltage: 

AHR t AHV 3 Vc Vu V E '  [AHox' - Z F E ]  (8) 
The hea t  exchange eff ic iency term qE' is defined essent ia l ly  as before , but 
has  components which themselves  m u s t  be optimized f o r  thermal  ba lance ;  

hea t  produced - l o s ses  to air - l o s ses  to  surroundings 
hea t  produced 

i. e. ,qE1 = 

A s  in the previous sys t em,  no theoret ical  limits ex is t  fo r  qc. 

m a y  be lower f o r  internal  reforming sys t ems ,  

Because 

This  is 
of cel l  temperature ,  s ize ,  and  hea t  t r ans fe r  considerat ions,  however, the 
prac t ica l  l imit  f o r  77 
due, it m u s t  be emphas ized ,  t o  kinetic ra ther  than thermodynamic considerations. 
It m a y  be mentioned at this point that where thermodynamic l imitat ions do 
apparent ly  occur, as f o r  example with hydrocarbons, they m a y  in  pract ice  be 
circumvented. This  r e su l t s  f r o m  hydrogen ex t rac t ion  through the membrane ,  

6 
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distorting the equilibrium until co  p e conversion has  occurred. This  is 
d iscussed  m o r e  fully elsewhere.  @$ [sf W i t h  the catalysts '  cur ren t ly  used  .at 
LML, a l imi t  of about 0. 9 is .obtained fo r  methanol. VU.has no theore t ica l  
l imi t  in this -system; but a prac t ica l  limit of 0. 9 7  is probably realist ic.  
tends to  be higher fo r  the internal'  reforming sys t em because of the fewer  
auxiliaries and-' simplified controls. 
l imi ted  by the requirement of thermal  neutrality. 
r e l a t ed  to ??cy 
dicates that adequate heat is available -from the ce l l  even at low hea t  exchange 
values. The apparent ' excess  of heat, however, is balanced by lo s ses  f r o m  the 
ce l l  which m a y  impose a heat deficit. 
the components of hea t  balance around. the in te rna l  reforming ce l l  as a function 
of g ross  power output; The heat requi rements  fo r  reforming a r e  given fo r  the 
theoretical  l imi t  of 100% conversion. 

Allowing f o r  hea t  input to the r e f o r m e r  plus losses to the cathode air 
s t r e a m s  and to the surroundings,  This  can  then 
be balanced by some fo rm of heat exchange. Two possible schemes  considered 
a re :  (a) inlet a i r  to.outlet  air exchange to reduce air cooling; (b) outlet air to 

\ ,  inlet  methanol to. reduce the vaporization load. Alternatively, if V C  is below 
0. 9, catalytic combustion of the residual fuel i n  the ce l l  exhaust m a y  be used, 
e. g., f o r  fuel vaporization. 

V A .  

Unlike the previous case ,  

V u ;  and  7 ~ ' .  Figure  5 shows this relationship graphically and in- 

r ]  T is theoretically 
'Equation (6) shows how this is 

This is  shown in  Figure 6, which presents  

a small hea t  deficit occurs. 

This  i s  the scheme employed in  the present  design 
I study. 

Table 2 shows values for  component efficiencies equivalent to.those 
Note that the hea t  . presented i n  Table 1 f o r  the external reforming system. 

exchange efficiency 7 ) ~ '  is de termined  by assuming a recovery  exchanger 
efficiency of 757'0 fo r  the non-utilized ce l l  hea t  losses .  It can be seen  that 
higher overa l l  sys tem efficiencies may be  anticipated for  the in te rna l  reform-. 
ing sys t em a t  all levels of development. 

Table 2. In te rna l  Reforming Sys tem - Component Efficiencies 
\ 

Theoretical  P rac t i ca l  Present  Design 
E f f ic i e  nc ie s Limi t  Limit (State of the Art)  

1 Conversion VC 1 .0  0. 9 1  0. 84 
, q  

I 

0. 73 0. 69 0. 64 
Auxiliaries VA 1.0 0.95 0. 86 
Heat Exchange VE 1. 0 0. 90 0. 69 

1.0 0. 9 7  0.95 H2 Utilization 

Net VN 0. 83 0. 66 0. 50 

Cell  VT 

VU 

6 K W DESIGN STUDLES 

' TO permi t  a ' r ea l i s t i c  compar ison  of the two approaches to be made, 
design studies of two complete 6kw sys t ems  have.been made. The normal  
operating output of 6kw (net)  was selected as being appropr ia te  f o r  probable 
initial commerc ia l  applications. The complete sys t ems  desc r ibed  have not 
yet been built,  although extensive testing of the components and ma jo r  sub- 
sys tems has eee,n proceeding since 1962. 
a typical 
single porous nickkl bicathode. 

t A s  an  example,  F igure  7 shows 
internal ' reforming bicell composed of. two 5" x 5" anodes and a 

' Figure 8 shows an  exper imenta l  0. 5 kw 
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multicell  stack with a s soc ia t ed  instrumentation. 

the ex terna l  re forming  sys tem.  
where it is f i r s t  vapor ized  and then catalytically reformed. 
operated at a t empera tu re  of 3OO0C, a p r e s s u r e  of 75 psig, and  a space velocity. 
of 1200 LHSV, 
gases.  
diffuser containing 8 ft' of 1 mil foil .and maintained a t  3OO0C by the hot gases  
f r o m  the burner.  The fue l  ce l l  employed opera tes  at 75OC with c i rcu la ted  5N 
KOH electrolyte.  Both anode and cathode a r e  lightweight "Teflon" *$ TFE-  
fluorocarbon r e s i n  bonded e lec t rodes  operating at 1 psig differential p re s su re .  
In the present  sys t em,  platinum activation is used but cheaper  ca ta lys t s  a r e  
under development. F igu re  10 shows the current-voltage cha rac t e r i s t i c  for  
the cell. E lec t ro ly te -water  concentration and  tempera ture  are controlled in  
separa te  subsys tems through which the e lec t ro ly te  is circulated. 
module contains a total of 189 ce l l s  with a total  e lec t rode  a r e a  of 64 ft 
a 
of the sys t em at  operating load is  4070. 
97 lbs /kw and 1. 1 f t  / k w  respectively.  

a. Externa l  Reforming: F igure  9 shows a simplified schemat ic  of 

The r e fo rmer  is 
Methanollwater i s  pumped to the r e fo rmer  

with hea t  supplied by catalytic oxidation of the ex t r ac to r  purge 
la rge ly  H2 and C 0 2  a r e  purified in  a palladium/silver Product  gases  

The ce l l  
2 providing 

g ross  pomer of 7 kw a t  no rma l  operating 1,oad. The net t he rma l  efficiency 
Sys tem specific weight and volume a r e  

3 

Table  3 s u m m a r i z e s  the weights and  volumes of the ma jo r  components. 
I 

Table 3. 6 kw E x t e r n a l  Reforming Sys tem - Component P a r a m e t e r s  

3 Component Weight (lbs) Volume ( f t  ) 

F u e l  Cell  130 1. 7 
Refo rmer  61 0. 77 
Ex t rac t  or 65 0.53 
B atte r y  87 0. 75 
Miscellaneous Auxi l ia r ies  239 3. 1 

Total S y s t e m  - - - - - - - -  582 6. 85 

In te rna l  Reforming: b. F igure  11 shows a schemat ic  of the internal 
re forming  system. 
the sys t em by ca ta ly t ic  combustion of the cell exhaust gases  to vaporize and 

involved in optimization of the ce l l  operating t empera tu re  have a l ready  been 
mentioned. Other f a c t o r s  which m u s t  be cons idered  are the requi rements  of 
hea t  t r a n s f e r  to the reac t ion  zone and  the need  to minimize  ce l l  volume. AS 
ce l l  t empera tu re  is inc reased ,  the ca ta lys t  activity inc reases  permitt ing a 
higher space  velocity a n d  thus a thinner ca ta lys t  bed f o r  the s a m e  conversion 
level. This  a l so  r e su l t s  i n  inc reased  heat t ransfer .  
sys t em indicated a n  optimum operating t empera tu re  of 225OC. 
cont ro l  of the s y s t e m  is achieved by circulating oil through jackets around the 
cells.  
a self-regulating bas is .  The air is scrubbed before entering the ce l l s  to p re -  
vent  carbonate formation. F igure  1 2  shows the voltage-current charac te r i s t ic  
f o r  the cells.  

As d i scussed  previously, t he rma l  balance i s  achieved i n  

superhea t  the me thano l lwa te r  feed. The thermqdynamic and kinetic fac tors  i 

t Analysis of the present  
Tempera ture  

Water  of reac t ion  is removed f r o m  the cathodes via the excess  air on I 
I 

Operating point at r a t ed  load is 210 amps / f t2  at 0. 8 V. 121 cells 

_-----  
+ IHSV is the idea l  hydrogen space velocity defined as the volume of hydrogen 

produced by s to ich iometr ic  conversion of the fue l  supplied p e r  hour divided 
by the r eac to r  volume. 

++ A DuPont r eg i s t e red  t rademark .  

I 
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2 with a total a r e a  of 40 f t  provide a g r o s s  normal  operating power of 7 kw. 
System net t he rma l  efficiency at this operating point is 50%. 
and volumes a r e  80 lbs/km and 0. 57 ft3/kw respectively.  
of the major  components a r e  summar ized  in Table 4. 

Table 4. 

Specific weight 
Weights and  volumes 

6 kw Internal Reforming Sys tem - Component P a r a m e t e r s  

Component Weight ( lbs )  
Volume (ft 3 ) 

Fuel  Cell  284 . 1.5 
Bat te ry  87 0. 75 
Miscellaneous Auxiliaries - 109 1. 2 

Tota l  Sys tem - - -  480 3.45 

\ 

t 

B 

i 

n 
R 

OVERLOAD AND CONTROL 

The ce l l  operating point is de termined  by the maximum overload re- 
quired in a par t icu lar  operation. I n  many applications,  particularly electro- 
mechanical, the overload may '  be high but of.relaiively sho r t  duration. Under 
such conditions, an optimum fo r  capital  cos t  and  s ize  may  be obtained by a 
hybrid combination of fuel ce l l  and  se.condary battery.  
transient overloads and is automatically recharged  by the fuel cell.  
ce l l  itself may then be sca led . to  satisfy the in tegra ted  power requi rement  
(i. e . ,  total kwh/ t ime)  while operating at nea r  peak power densities. This 
approach has  been incorpora ted  in  both of the p re sen t  sys t em designs. It 
may be noted that a ba t te ry  will i n  any c a s e  be requi red  to provide the s t a r t -  
up pone r  necessary  f o r  indirect  sys tems.  
te rmined  by e i ther  the overload requi rements  o r  the s t a r t -up  demands. 
the present design, lead  ac id  ba t te r ies  have been specified to provide 5 : l  
overload capability. 

t ro l s  i n  detail; however, some  of the f ac to r s  affecting response to varying 
loads should be mentioned. 
high p res su re  tanks, response i s  l imited only by gas flow and regulator opera- 
tion and i s  therefore  quite rapid. With an ind i rec t  sys t em,  however, the change 
in load mus t  be t ransmi t ted  to e a c h  of the previous stages.  Depending on the 
capacity and response  of these  s tages ,  s e r ious  cont ro l  lags may develop. 
provide a smoother response ,  a small hydrogen su rge  tank has been incorporated 
in the e s t e rna l  reforming design. 

The control problem is minimized  i n  the in te rna l  reforming sys t em 
because of the c lose r  integration of the reaction stages. 
hydrogen capacity of the pa l lad ium/s i lver  membrane  provides an  effective surge 
capacity corresponding to approximately 6 coulombs/cm . This i s  roughly 
two o r d e r s  of magnitude higher than f o r  a platinum activated electrode. 

This  ba t te ry  supplies 
The fuel 

The ba t te ry  capacity will be de- 
In 

' 

It  i s  impossible in the p re sen t  d i scuss ion  to analyze the sys t em con- 

I n  a simple hydrogenloxygen ce l l  supplied f r o m  

T o  

In addition, the high 

2 

CONCLUSIONS 

A n  analysis of the various f ac to r s  presented  indicates that a selection 
between the ex terna l  and in te rna l  reforming sys t ems  will depend la rge ly  on the 
requirements of the par t icu lar  application. 
higher sys tem efficiencies a r e  possible n i t h  in te rna l  reforming. 

It has  been shown that substantially 
This  w i l l  be 
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obtained however a t  the expense of a higher  capi ta l  cost  resulting f r o m  the 
higher  palladium content and m o r e  expensive ma te r i a l s  of construction used 
i n  the system. Because  of the f ewer  auxi l iar ies ,  the volume of the internal  
re forming  sys tem is substant ia l ly  smaller , though sys t em weights a r e  similar. 
The super ior  response  cha rac t e r i s t i c s  of this  sys tem m a y  be important  in 
var iable  load applications. 

forming sys tem can be  improved  mainly by increasing cell operating voltages. 
On the other  hand, t o  fu r the r  improve the efficiency of the internal  reforming 
sys t em will require  development of m o r e  act ive catalysts .  Thib is par t icular ly  
necessa ry  if operat ion is to be  extended to  the use  of hydrocarbon fuels. 
cos t  reduction w i l l  r equ i r e  the use of thinner  palladium membranes  and higher 
operating cell c u r r e n t  densities. 

Considering fu ture  development, the efficiency of the external  re- 

Capital 

W o r k  along these l ines  i s  i n  progress .  
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FIG. 7 METHANOL /A IR  FUEL CELL 



---I-- -- - -  
FIG.8 EXPERIMENTAL 0.5KW INTERNAL REFORMING SYSTEM 



-151 -  

i 
'. 
'j 

1 

f 

.1 
l' 

\' 

X 
w 

T l  



I .2 

I .o 

.8 

VOLTAGE 
E 

FIG. I O  

.6 

4 

.2 

- 1  52-  

AIR CATHODE 

~ 

FUEL CELL (INCLUDING I-R) 

HYDRO-GEN ANODE 
c I 1 I 

100 200 300 
CURRENT DENSITY (mA/cm2) 

E/ I  CHARACTERISTICS - HYDROGEN /AIR CELL 
I 



-15.3- 

rr a 
I 

0 

-I 
W 
3 
LL 

P 

c- 

-J 
0 z 
Q r 
t- 
W 
2 

I 

p 
+ $  

I t- cn 
I) 

I- 
X 
w 

a 

L 



I .2 

I .o 

.8 
VOLTAGE 

E 
.6 

2 

-154 -  

\ (INCLUDING I-R) 

METHANOL ANODE - I 1 1 

100 200 300 
CURRENT DENSITY (mA/cm2) 

/ 
FIG. 12 E/I CHARACTERISTICS-METHANOL/AIR CELL 

r ' l  



- 1 5 5 -  

SOME ASPECTS OF MOLTEN CARBONATE FUEL C E L L S  

A.D.S. Tantram, A.C. C .  Tseung and B. S. Harris 

Energy Conversion Limited, Chertsey Road, 
Sunbury-on-Thames , England ' 

The ultimate a i m  of f u e l  c e l l  deve lopent  i s  a system of 
acceptable c a p i t a l  cost  that can operate i n  an economic manner on low 
C O S L  fuels .  A l thoqh  much e f f o r t  has recently been put i n t o  
invest igat in& the  a l t e r n a t i v e  routes , t he  high temperature c e l l  remains 
a ravcured prospect. 

O f  t he  two main classes  of high temperature c e l l s  (a) s o l i d  
oxiae e l e c t r o l y t e  c e l l s  and (b)  molten carbonate e l e c t r o l y t e  cells, t he  
l a t t e r  has s i m i f i c a n t  advantages i n  i t s  lower temperature of 
c p r a t i o n  and i n  ?;lie wider avai lable  choice of materials. 

continued a t  Energy Conversion Limited, has invest igated a wide range 
CI" d i f f e ren t  concepts of t h e  molten carbonate c e l l .  These may be 
brcadly c l a s s i f i e d  as follows :- 

Work s t a r t e d  at  Sondes Place Research I n s t i t u t e  and 

1. Free e l e c t r o l y t e  c e l l s .  

2. Trapped e l e c t r o l y t e  c e l l s .  

2 . 1  Porous magnesia diaphragms. 

2 .2  "Semi-solid" o r  "paste" e l ec t ro ly t e  diaphragms. 

Non-eutectic type. 

I n e r t  f i l l e r  type. 

Various combinations and compromises between these types a r e  

In t h i s  paper we a r e  concerned i n  pa r t i cu la r  with our 

a l s c  possible.  

experiences with c e l l s  based on the  i n e r t  f i l l e r  type 'of semi-solid 
e l e c t r o l y t e  diaphragm. 

b r i e f l y  cur rnain findings with the other  types. 

' 

Before discussing t h i s  work, i t  i s  worth summarising very 

JTBE ELFCTROLYTE CELLS 

The three-phase in t e r f ace  i s  es tabl ished by t h e  use of dual 
pcrcsi ty  electrcd-es run v i t h  a pressure d i f f e r e n t i a l .  W e  had great  
dLfficulty i n  f ab r i ca t ing  electrodes of s u f f i c i e n t  s t r eng th  a t  the 
CperatiRg temperature t o  I~rithstand the  necessary d i f f e r e n t i a l  pressure. 
The f ac t c r s  ccntr ibut ing t o  t h i s  were:- t he  very high surface tension 
cf lihe carbcnate n e l t  (see Table l), t he  d e s i r a b i l i t y  of a small 
cc,arse pcre s i z e  t c  obtain a high react ion a r e a  and, pa r t i cu la r ly  
v i t h  the cathode , l i m i t e d .  chcice of mater ia ls .  From preliminary 
experiments with C e l l  6.esigm su i t ab le  f o r  ba t t e ry  constpuction, i t  
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was a l s o  c lear  that t h e  problem of seal ing the carbonate melt would  
be extremely severe.  

Table 1. Surface Tension of Carbonate Melts, Dyn es/cm. 

OC Li,  Na, K L i ,  N a  
9, 6, 5 mol r a t i o  1 1  

430 
480 

219.8 
217 
214 
211 
208.2 

MAGNESIA DIAFEUGM CEL;Ls 

233 
230.4 
228 

I n  the absence o f  any conimercial source, we developed 
o w  own porous magnesia diaphragms. 

The main problem that w e  found w i t h  these c e l l s  was 
l o s s  of e i ec t ro ly t e  ciue t o  creep. i t  became c l ea r  that a much 
smaller pore s i z e  w a s  desirable, coupled w i t h  very accurate  control  
of the m a x i m u m  pore s i z e .  
pract ice .  An add i t iona l  economic f a c t o r  w a s  the necessi ty  for a 
machining operation on the  s in t e red  diaphragms. 
were a l s o  d i f f i c u l t .  

T h i s  would prove very expensive i n  

Sealing problems 

SEMI-SOLID ELECTROLYTE. NON-EUTECTIC TYPE 

T h i s  type' depends on choosing a carbonate composition 
that i s  well  away f r o m  the eu tec t i c ,  so t h a t  there  i s  a range of 
temperature where the e l ec t ro ly t e  body i s  semi-solid. An example 
i s  Li2a3 78%, Na2C03 12%, MgO 10%. The function of the  small 
amount of magnesia i n  this context i s  t o  act as a nucleating agent 
t o  ensure the formation of small inter locking c rys t a l s  when the 
e l ec t ro ly t e  body s o l i d i f i e s  a f t e r  cast ing.  The example given has 
a usable range from about 53OoC (conductivity l i m i t )  t o  about 630OC 
( s t r eng th  l i m i t ) .  
completely molten a t  690Oc. Above this temperature, it can be cas t  
i n t o  any desired shape and this  f a c i l i t y  i s  the  main advantage of 
this type. We have successful ly  used this e l ec t ro ly t e  i n  the form 
of d iscs ,  spun c a s t  tubes and i n  a c e l l  design involving the  cast ing 
of the e l ec t ro ly t e  around performed porous electrodes.  The 
disadvantages are the narrow working temperature range and the f a c t  
that  the so1id: l iquid r a t i o  changes w i t h  temperature, making in t e r f ac  
cont ro l  d i f f i c u l t  and uncertain.  

It collapses under i t s  own weight at 670OC and i s  

SEWII-SOLID ELECTROLYTE. INERT FILTER TYPE 

I n  the normal version an extremely intimate mixture of 
a carbonate e u t e c t i c  and a subs t an t i a l  percentage of very f ine ly  
divided i n e r t  f i l l e r  (e.g.  M g O )  is  densif ied t o  form an impervious 
e l e  e t  r o l y t  e diaphragm. 

I 
e 

l 



- 1 5 7 -  

General ProperLies 

The physical propert ies  a r e  dependent, i n  par t icu lar ,  on 
the par t i c l e  s i z e  of t he  i n e r t  f i l l e r  and on the percentage used. 

AL the operating temperature, the carbonate component i s  
molten and i n  this s t a t e  the material i s  somewhat analagous t o  a 
clay-\rater system over a pa r t i cu la r  range of composition. 

Under compression the mater ia l  behaves i n  typ ica l  fashion, 
there  being an i n i t i a l  e l a s t i c  period ( w i t h  some hys te res i s )  leading 
'LO a f i n a l  y ie ld  point,  which i s  qui te  high enough t o  make the 
mater ia l  of prac t i ca l  use (e.g.  >50 p . s . i .  for 63% NO). Compressive 
creep i s  extremely small, being undetectable i n  normal use. F i  w e  1 
ShcT'S the i l l t egr i ty  of a diaphragm a f t e r  a 20-day c e l l  t e s t  a t  %Ooc,  
i n  bilicri a seal ing pressure of 1 0  p . s . i .  was used. 

I m x L  be avoided i n  any c e l l  o r  ba t t e ry  construction w i t h  this material .  

' p a r t i c l e  s i z e  and represents a compromise between s t rength  which 
increases with f i l l e r  content and conductivity which decreases w i t h  
f i l l e r  content;, 7.g. f o r  50 w% MgO the diaphragm fac to r  i s  2 .5  and 
f o r  63.5 TI$ MgO it i s  4.0.  

l i i th the sett ing-up of an optimum three-phase in te r face  a t  the electrodes.  
Electrolyze re ten t ion  i s  only a problem a t  the lower end of the  range 
cf usable f i l l e r  content. 

en t i r c ly  surface tension forces  and depend u on there  being, i n  
, pract ice ,  an extremely high meniscus length ?molten carbonate - i n e r t  

( f i l l e r )  a t  the surfaces of the  diaphragm. T h i s  i s  demonstrated by the 
fact %hat a sample fully immersed i n  molten carbonate loses v i r t u a l l y  
a l l  i t s  compressive s t rength.  

FABRICATION METHODS 

Shear s t rength  is, however, very l o w  and shear s t r e s ses  

Optimum composition i s  dependent i n  part on the f i l l e r  

There a r e  a l s o  r a the r  less definable requirements associated 

The forces holding these diaphragms together are almost 

' 

1 
\ 

I 11 Ccld Pressing and Liquid Phase  S in te r ing  

3 
I 

It i s  not possible  t o  produce high densi ty  diaphragms by 
~ k i s  methcd, although rather b e t t e r  r e s u l t s  a r e  obtained i f  the 
s in t e r ing  i s  carr ied out i n  vacuum. (See Figure 2 ) .  

Three s teps  normally take place i n  a l i q u i d  phase s inter ing.  , )  

, (a )  Pa r t i c l e  reerrangement under the influence of surface tension 

I prccess. ( e )  Solid s t a t e  s in t e r ing  of the  so l id  component. I n  the !\ 
' 1::dch T r i l l  r e s i s t  (a ) .  The s o l u b i l i t y  of magnesia i n  the molten 

), These 

Y 

forces.  

present case, rre a re  l i a b l e  t o  s t a r t  w i t h  a continuous magnesia network 

carbonates i s  too l o v  f o r  ( b )  t o  appreciably occur and the temperatwe 
is LCC 10x1 for appreciable s in t e r ing  of the magnesia ( e ) .  
f ac t c r s  explain why high density diaphragms cannot be made by cold 
pressing and l i q u i d  phase s in t e r ing .  

(b)  An increase i n  density by a solut ion and reprec ip i ta t ion  
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Hot Pressing 

(a) Above the carbonate melting point.  

We have had l i t t l e  success w i t h  s t r a i g h t  moulding of diaphragms 
by this method, due mainly t o  extrusion of the  mater ia l  between aunge r  
and mould. Some experiments w i t h  i n j ec t ion  moulding did, however, 
i nd ica t e  that this would be feasible w i t h  high precis ion e q u i p e n t .  

Below the carbonate melting point.  (b) 

We f ind  that j u s t  below the  carbonate melting point the mater ia l  
exhibits a high degree of p l a s t i c  flow and this method enables us t o  
mould diaphragms t o  a high densi ty  without any of the problems of extrusion 
c r  s t ick ing  t o  the  mould. The great  advantage of t h i s  method i s  that 
it  enables us t o  f a b r i c a t e  a wide var ie ty  of shapes t o  a f i n i s h  as good 
as that of the moulding equipnent. 
diaphragm made i n  this way. They are shown as pressed, some of the 
graphi te  used as the  mould release agent s t i l l  being present.  
a r e  cavited t o  form the e lec t rode  gas space, baf f led  t o  give-good gas 
a iscr ibuxion and have s i l v e r  current  cEl lectors  and connecting gaskets 
pressed on i n  the same operation. We ]rave a l s o  found it  possible t o  
form gasporting i n  the  same moulding operation. It i s  a l so  possible 
t o  press on electrodes at the same time, thus giving a complete unit 
c e l l  from one pressing operation. (Figure 4 ) .  We f ind ,  however, t h a t  
the  conditions normally used result i n  an excessive reduction i n  
e lec t rode  porosity leading t o  poor performance. Subsequent attachment 
of the electrodes i s  therefore  preferred.  

Pretreatment of the mater ia l  i s  important. The magnesia 
f i l l e r  and the a l k a l i  metal carbonates are int imately mixed by b a l l  
mi l l ing  and pref i red  at 7OO0C t o  750OC. 
t o  ensure intimate mixing, complete reac t ion  of impuri t ies  and complete 
e l iminat ion o f  adsorbed water, (more about this l a t e r ) .  It i s  

c e l l  operating temperature. This pretreatment i s  repeated at least 
once more. The material i s  then ground t o  below 20 mesh t o  provide 
the feed f o r  the hot pressing operation. Alternat ively,  it may be 
f u r t h e r  ground, cold pressed and s intered,  t o  form a "b iscu i t "  blank 
for the  hot moulding operation. 

Figure 3 s,hows some efiectrolyte 

They 

This pre f i r ing  treatment i s  

important that the p r e f i r i n g  temperature be above the maximum ultimate I 
I 

i 
The e f f e c t s  of some of the var iables  a r e  shown i n  f igure  2 .  

One of our  standard compositions i s  63.5% MgO, which was  
I 

based on measuring the porosi ty  of pure MgO hot pressed under the 
same conditions and computing t h e  amount of molten carbonate necessary 
t o  j u s t  f i l l  this porosi ty .  
higher  MgO contents can, i n  fact, be used due t o  the lubr ica t ing  
ac t ion  of the carbonate component. 

49OoC when using binary e u t e c t i c  ( N a  and L i  carbonates) and at 385OC 
when using ternary e u t e c t i c  ( N a ,  Li, K carbonates).  

i 
W e  see that i n  prac t ice  ( f igu re  2)  much 

O u r  normal se lec ted  pressing conditions are 5 t .s . i .  at 

41 
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Our densi-cy f igu res  for the  carbonate melts are:-(t  in°C) 

For Li,  N a  

1, 1 mol r a t i o ,  2.030 - 4.30 x lO-*(t-500) g/cc 

For Li,  N a ,  K 

9, 6, 5 mol r a t i o ,  2.085 - 4.87 x 10-4(t-400) g/cc 

I n f i l t r a t i o n  

An  i n f i l t r a t i o n  method has a l s o  been used successfully 
for the  fabricat ion of e l ec t ro ly t e  diaphragms. A cold pressed 
d.iap:hrae;m of loo$  magnesia w i l l  break up on i n f i l t r a t i o n ,  but the 
prccess may be successfully ca r r i ed  out i f  t h e  s t a r t i n g  material 
contains an appreciable percentage of the a l k a l i  metal carbonates. 
An example i s  as follows :- 

A mixture cf magnesia (33" 5w$ with sodium-lithium carbonates 
preiYrea,.ground and cold pressed a t  10  t .s . i .  T h i s  diaphragm 
i s  s intered a t  600°C, cooled and placed on a prepressed d i sc  
cf 1005 sodiuni-lithium carbonate. The whole i s  then reheated 
t o  600°C f c r  half  an hour. The addi t ional  carbonate infiltrates 
i n t o  the diaphragm as it melts. There i s  some danger that the 
i n f i l t r a t i n g  l i q u i d  w i l l  bypass some of the pores and leave 
these unfilled, but this can be overcome i f  the operation i s  
carr ied out under reduced pressure, a carbon dioxide atmosphere 
being advisable. Excess e l e c t r o l y t e  i s  ground off  t h e  diaphragm 
a f t e r  cooling. The product contains 46 w% of t he  carbonate 
e l ec t ro ly t e ,  has .a density of g rea t e r  than 97% of the theo re t i ca l  
and the l i n e a r  shrinkage i s  l e s s  than 0.5%. 

Operatiny: Ekperience 

relevant  t o  t he  use 0: semi-solid e l ec t ro ly t e .  
tes ted some 120 2-1/2 diameter c e l l s  ( 2 0  em2 ac t ive  area) and about 
60 of 4-1/2" diameter (80 em2 ac t ive  area). 
experiment.al stacks of 4-1/2" diameter, giving about 50 watts output. 
Figure 5 shovs one of these. s tacks complete with heater and i n s u l a t i m .  

A va r i e ty  of e lectrode materials have been used, but a 
typ ica l  example vould be - f o r  t he  anode, "B" nickel, granulated, 
presintepeti and graded t o  -100 -t 120 mesh- f o r  t h e  cathode, cosintered 
i?g/Cu20/Zn0 (25/2.5/72: 55 by t J t .  ) and graded -100 + 120 mesh. I n  
bcth cases these mater ia ls  a r e  made i n t o  a slurry with a s i l v e r  
suspension containing a temporary binder (giving 1% added s i l v e r )  and 
applied to the f aces  of the e l e c t r o l y t e  diaphragm i n  this form. 
21ect.pcdes are then s in t e red  i n  s i t u  as the c e l l  i s  brought up t o  
operating temperat.ure. Typical e lectrode thickness i s  .1 mm, porosity 
505 on a j mm thick e l e c t r o l y t e  diaphragn. 

We w i l l  l i m i t  ourselves here t o  points that are spec i f i ca l ly  
We have made and 

We have a l s o  made some 

The 
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A s  the e l e c t r o l y t e  component of the diaphragm melts, it 
expands t o  p a r t i a l l y  w e t  the  electrode and a stable three-phase 
in te r face  i s  s e t  up. This process takes r a the r  longer t o  equi l ibra te  
than one might imagine and i s  i l l u s t r a t e d  i n  f igu re  6, where the 
i n t e r n a l  res i s tance  of a new c e l l  i s  followed over an i n i t i a l  temperature 
cycle of 2 hours durat ion.  The extent and lcca t ion  of thetkree-phase 
in te r face  w i l l  depend on the  balance between the  surface tension forces 
i n  diaphragm and e lec t rodes .  It w i l l  be a f fec ted  i n  pa r t i cu la r  by the 
very f ine  microstructure i n  the electrode, f o r  instance by the  ac t iva t ion  
treatment mentioned la ter .  These f ac to r s  a r e  d i f f i c u l t  t o  control  and 
this  i s  one o f  the  disadvantages of t h i s  type of c e l l  construction. 

Performance and Endurance 

electrodes and those s p e c i a l l y  act ivated.  
ac t iva ted  i n  s i t u  by a control led p a r t i a l  oxidation, using a small 
percentage of oxygen i n  ni t rogen such that about 5w% of the nickel  
i s  oxidised, followed by reduction with the  f u e l  gas. The e f f ec t  of 
such an ac t iva t ion  i s  shown i n  f igure  7. 

An e lectrode ac t iva ted  i n  t h i s  fashion does, however, show 
a f a l l  i n  a c t i v i t y  w i t h  time and a f t e r  about 60 hours the performance 
is the same as  an unact ivated electrode, which would remain unchanged 
over this period. We have experimented, w i t h  some success, w i t h  
methods of s t a b i l i s i n g  this ac t iva t ion ,  but the  long term results 
reported here r e f e r  t o  the lower l e v e l  of performance. Figure 8 
shows the performance obtained w i t h  an ac t iva ted  nickel  e lectrode on 
pre-reacted methane-steam and on hydrogen. 
of the f a l l  i n  anode a c t i v i t y  and the longer term performance 
de ter iora t ion  discussed below. 

We must first of a l l  d i s t inguish  between "unactivated" 
The d c k e l  anode may be 

Figure 9 shows the e f f ec t  

I n i t i a l  endurance t e s t s  w i t h  these c e l l s  showed that there  

The behaviour was not pa r t i cu la r ly  reproducible and 
was a progressive de t e r io ra t ion  in performance occurring i n  the hundreds 
o f  hours region. 
d id  not show any t rend with temperature of operation or w i t h  current 
densi ty  and, i n  f a c t ,  similar r e s u l t s  were obtained w i t h  c e l l s  l e f t  

f a l l -o f f  was due t o  de t e r io ra t ion  of the e l ec t ro ly t e  diaphragms. 
Physical examination of  the  diaphragms a f t e r  the t e s t s ,  showed the 
presence of laminar faults. 
It should be noted that we have chosen pa r t i cu la r ly  extreme examples 
t o  i l l u s t r a t e  the phenomenon, the faults being usual ly  considerably 
less marked. These faults result i n  (a) an increased i n t e r n a l  res is tance 
and (b) increasing in te r -e lec t rode  leaks leading t o  f a l l i n g  performance. 
Using gas chromatographic techniques we were ab le  t o  obtain a 
cor re la t ion  between f a l l i n g  performance and increasing leaks.  
procedure was as follows:- 

on open c i r c u i t  f o r  the bulk of the time. It was suspected that the I 

i Examples of these are shown i n  f igure  10. 

~ 

The 
1 

With the c e l l  on open c i r c u i t ,  hydrogen feed t o  the anode - 
and air/carbon dioxide t o  the cathode, t he  nitrogen content of the  
anode ef f luent  w a s  analysed. T h i s  nitrogen could come by i n t e r -  
e lectrode d i f fus ion  o r  ,by d i f fus ion  through a gasket l eak  f rom the 
ex terna l  air. The cathode feed was then temporarily replaced by 
methane and the n i t rogen  estimation i n  the anode e f f luen t  was repeated. 
I n  this m-er a semi-quant i ta t ive measure of both gasket and in t e r -  
e lectrode leaks"  could be obtained. The gasket leak  did not 
normally a l t e r  w i t h  time and w e  were, i n  f ac t ,  able  t o  eliminate 
this, by making the  s e a l  d i r e c t l y  between the e l ec t ro ly t e  diaphragm 
and the  separator  i .e.  i n  e f r ec t  by abol ishing gaskets. 

I 

I ,  

( i  

I 

Figure 11 
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shcli:is an example cf the corre,lation between f a l l i n g  perf ormance ..and 
iiicrcasinp, inter-electrode leak. 

Diaphrapi deterioi-ation was overcome by ensuring complete 
elL!:.iiiiaticn of chemisorbed' water from the mater ia l  used f o r  hot 
.pressing. Any sti.11 present would be evolved during operation of 
.Lhs c e l l  i n i t i a t e  the lamination faults. These would tend t o  get  
i..'crse with time, ' due prcibably t o  erosion effects  a r i s i n g  from chemical 
cor.Ybusticn el' the f u e l  and oxygen d i f f u s i n g  i n t o  the diaphragm. 
Water is very tenaciously held by magnesium oxide and much longer 
prcr'irinS times are necessary than might be thought. I n  addition, the 
p?bfired mater ia l  t i i l l  qui te  readi ly  readsorb water and s t r i c t  precautions 

C t o  be ta1:ren t o  ciisure that this  does not  occur. Figure 12 i l l u s t r a t e s  

i .)CcJl paic"l Lo .these f ac to r s .  The increase i n  performance seen i n  the  
micl:C.lc: c:f tifls @ r t i c u l a r  Cest was not explained. F ina l ly  . f igure 13 
S!IC:~IS i;hc absence of f a u l t s  i n  an improved diaphragm after a c e l l  test 
ci' :+513 ]1c..us. 

C O ~  1 i" l i l  s i c:i:S 

s table  performance that can be obtained when s t r i c t  a t t en t ion  has 

Prac t i ca l  c e l l s  , based on "semi-solid" e l e c t r o l y t e  diaphragms, 
can bc im6.c w i t h  promising performance ,and endurance cha rac t e r i s t i c s .  
1wr'ihc.r inprovcments are. desirable  and the re  a r e  indicat ions t h a t  . 
thesa can bo achieved. 
- 

Careful ba t t e ry  design should be able t o  obviate the 

The hot pressing f ab r i ca t ion  technique should be amenable 

diss6.vantaps cf this type of  c e l l  and t o  exploi t  i t s  advantages. 

t o  m s s  production method-s, s ince the required conditions are not too 
Car rei-loved from e s i s t i n g  p l a s t i c  moulcling pract ice .  T h i s  could prove 
en ir;iportar;i f a c t o r  i n  achieving low c a p i t a l  cost .  

THE ANODE bECHA.NISM 

For  t ne  high temperature c e l l  t o  f u l f i l l  i t s  promise 
CcrislCerably 1xLC;her power dens i t i e s  are required. 
ic:;ical s t eps  i n  this d i r ec t ion  a b e t t e r  understanding of t he  elel:IJrode 
pr(:ccssss a i d  t h e i r  rate control l ing s t eps  i s  desirable .  
cli:rcfcrs-, taking a fresh look a t  this problem and the preliminary 

_ _  -init ial  s ' i~Liy ,  s ince i n  p rac t i ca l  c e l l s  the g rea t e r  p a r t  of the 
pclarisstici? i s  normally a t  t h i s  electrode. 

To be able  t o  take 

We are, 
. -  

rc^"'-7 u 3 L ~ - L s  ! are repcrte6. here. The anode process was chosen f o r  the 

nhz L A -  c zs t  c e l l  used. is shown schematically i n  f igu re  14. 
61sc l-.clucied, but -net shown, were a reference electrode and a 

r::ccouple pccl.ret. Ycth the counter electrode and reference 
cLrc.-'c __" 7:rzr-s CZ platinilrr! gauze p a r t i a l l y  immersed i n  the e l ec t ro ly t e  
b c t h  vieye supplied ind-ependently v i t h  a 2.5:l air - carbon dioxide 

; ~ ~ 1 5 t u r 2 .  The e l e c t r c l y t e  vas an equimolar mixture of sodium and 
lLtL>L-Lii? czpljcnates. 

n. lne pcsi t ioning device enabled the  e l e c t r o l y t e  crucible 
raiss5 cr lc?rered thus, controllLi.ng the  degree of electrode 

S i c ; ? .  S t a r t i n g  Vith the  e l e c t r o l y t e  l e v e l  below the  bottom 
e cest  electrcd-e, the crucible i s  raised. slowly :mt i l  " f i r s t  
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touch" i s  regis tered by an e l e c t r i c a l  cont inui ty  t e s t .  The r e su l t s  
quoted here are  a l l  w i t h  a fu r the r  immersion of 0 .1  inches. 
addi t ion  t o  this there  w i l l  be a meniscus about 0.25 inches high. 

chosen f o r  examination, one point being that the  la rge  difference 
i n  possible  hydrogen d i f f h i o n  r a t e s  through the  bulk metal could 
lead t o  i n s t ruc t ive  r e s u l t s .  The f o i l  e lectrodes were 0.005'' th ick  
and 1.15 ems wide. 
The f o i l s  were used as received, w i t h  no pretreatment. 

In 

I n i t i a l l y  both nickel  and silver-palladium f o i l s  were 

The silver-palladium used was t h e  23s s i l v e r  a l loy .  

The anode compartment was swept.with a la rge  excess of 
hydrogen a t  1 a t m .  

Results and discussion 

obtained under "white spot 
r e l a t i v e l y  low corrosion currents  a r e  possible  i n  t he  poten t ia l  
range o f  i n t e r e s t .  

hydrogen oxidation on n icke l  and silver-palladium at 55OoC. The 
n icke l  curve was not very reproducible. The reproducib i l i ty  
of  the  silver-palladium curves i s  discussed later. 

Figure 15 shows ;he corrosion curve f o r  t h e  silver-palladium 
nitrogen, and ind ica tes  that  only 

Figure 16 cmpares  the current voltage curves f o r  

Figure 17 shows p lo t s  of E versus log i f o r  hydrogen 
oxidation on silver-palladium a t  55OoC and 600 C respectively.  
It is seen tha t  t he re  i s  a very well defined l i n e a r  port ion 
extending over nearly two decades. 

between E and i w a s  very similar t o  tha t  between E and x, where 
x describes the composition o f  a p a r t i a l l y  reacted fue l  i n  the  
manner shown below. 

reac t  w i t h  COZ-, 

and that b m o l s  of  & r eac t  m r t h e r  with the  C02, 

equilibrium being reached. 

r e su l t i ng  mixture a r e  therefore ,  

A t  this s tage  it w a s  noticed that the re la t ionship  

Assume that w e  s tar t  w i t h  1 mol o f  H2 and tha t  x mols 

H2 + Cos2- = H20 + C02 + 2e ~ 

H2 + C O n  = H20 + GO 

For 1 a t m  t o t a l  pressure, the p a r t i a l  pressures i n  t h e  

and w e  can wri te  f o r  the water gas equilibrium 

= K  (x + b )  b 

........................... (1) C1 - (X + b)ICx - b l  
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I 

A t  a given temperature t h i s  equation can be solved t o  obtain 
values of b t o  correspond with selected values of x. The 
corresponding p a r t i a l  pressures may then de derived and, from them, 
the  c rresponding values f o r  E using the  equation 

Po; and Pco; r e f e r  t o  t h e  p a r t i a l  pressures a t  t h e  cathode. 

i s  t h e  equilibrium constant f o r  2H2 + 02 = 2H20. 

we can write 

KO 

A t  a given temperature and f o r  constant cathode conditions 

E = Constant + log, [l- ( x  + b ) ]  (1 + x )  
(X + b ) ( x  - b )  . . . . . . . . . . .  (3)  2F 

It i s  found t h a t  t h e  p lo t  of E versus loglox i s  l i n e a r  
over a wide range and i t  i s  t h e  slope (Sx) of t h i s  p lo t  t h a t  
2olicspondeC Ziosely with t h e  observed slopes (Si) of t h e  
i , L L i Z !  i ; ~ : p c - h ~ a t a l  E - l og lo i  p lo t s  a t  55OoC and 600OC. 
fl_xires Si'? tabulated i n  table 2. 

These 

Table 2,  Values of K, S,, S ; ,  and cy--. 

OC K sX 
mV 

si 
mV 

550 0.219 197 197 0 . 4 1 4  

600 0.295 226 233 0.383 

650 0.385 246 0.372 

-00 0.49 262 0.368 

ce7 1 336 0.343 

ax' i s  t h e  value derived from wri t ing Sx = 2 . 3  RT ' 

2Fa, 
A 

These considerations suzgested tk following picture .  
I n  t h e  low current region ( i . e .  down t o  about 0 . 9 5 ~ )  t h e  most 
important f a s t o r  i s  t h e  diffusion r a t e  of react ion products away 
from the reactlon s i te ,  on t h e  immersed portion of t he  electrode, 
thyoagh the  meniscus t o  t h e  bulk gas. 
proportionel t o  the cwcent ra t ion  difference and so the  
c.ncentration of products a t  the recct ion s i te  has t o  bu i ld  up 
appreciably before a reasonable diffusion rate i s  possible.  
This build up w i l l  a f f e c t  t he  electrode po ten t i a l  i n  a s imi l a r  
manner t o  thkt  defined by equation 3. A s  t h e  current i s  fu r the r  
incre.e.sed the  rate of hyarogen diff'usion t o  the react ion s i t e  
wo2ld become ;$e, mo?! h p o r t a n t  factor .  
~ : i i s  VL":.: LS LLIL.T; silver-psilac.ium, which- has an ado.itiona1 route f o r  

Thi:. rate should be 

Confirmatory evidence f o r  

--,. ..8.-c? . -  .:. ;:E2 <.ii'I".XLG:! th?rs:lg;h the  bull: metal, 
~ - ; ; Y ; Y ~ L I ~  s than nickel. supports much higher 
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n more p r e c i s e  statement of t h e  hypothesis i s  as follows:- 
A t  'a given current t h e  observed polar i sa t ion  i s  due t o  t h e  change i n  
surface concentrations necessary t o  produce the  diff 'usion rates 
of both reactants  and products t o  meet t h e  requirements of t h e  
processes occurring. 

Making t h e  following assumptions: - 

The p a r t i a l  pressures  of COZ, HzO and CO i n  t h e  bulk gas 
(Ha at 1 a t m .  ) are a l l  zero. 

The sur face  concentrations at t h e  react ion s i te  can be 

The d i f f u s i o n  r a t e s  are d i r e c t l y  proportional t o  the 

( C O F  + H2 = C02 + H20 + 2e) 

(Ha + C 0 2  = CO + H20)  fast, 

e tc . ,  i n  atrn. 'Ha described i n  terms o f  partial pressures, 

p a r t i a l  pressure differences.  

Rate of  discharge of COZ- = i 

R a t e  of  formation of CO = y 

t h e  r a t e s  being expressed i n  u n i t s  of  current,  i .e .  coulombs/sec. 
Then w e  can write,  

Rate of HZ in = i + y = kl (1 - P ) 

f a s t .  

hence P = kl - (i + y )  
k i  

hence PH20 = i + y 

hence Pco 

H2 Hz 

'H20 Rate of H20 out = i + y = k 
k2 

= i - y co 2 2 
Rate of  COz out = i - y = k3 P 

k3 

Rate o f  CO out = y = k4 Pco hence Pco = 

k4 

The k ' s  involve t h e  d i f f u s i o n  coeff ic ient ,  H e n r y ' s  l a w  constant 
and the  geometry of t h e  d i f fus ion  path. 
9ec-l a t m .  -I. 

The units will be coulombs. 

. For the water gas equilibrium, 

For the c e l l  e.m.f. at a given temperature 
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W e  cannot solve these equations without a knowledge of 
t h e  k values, but a c e r t a i n  amount of information can be obtained 
using t h e  analogy with t h e  equations i n  x and b, (1) and ( 3 ) ,  which 
can be solved. W e  f ind ( a )  t h a t  Si w i l l  be very l i t t l e  affected by 
the  value o f  kl provided t h a t  kl i s  appreciably g r e a t e r  than i + y 
i. e . ,  provided we are not near t h e  l imit ing current condition and 
( b )  that  Si w i l l  be appreciably affected by the  value of K1. The 
e::tclit of t h i s . v a r i a t i o n  can be seen by comparing the  var ia t ion  of g, with K i n  t a b l e  ( 2 ) .  
e a r l i e r ,  k~ ii4 would have t o  be f a i r l y  c lose t o  1. 

To explain the experimental f i t  noted 

k i  I C 3  

Attempts t o  obtain confirmatory experimental r e su l t s ,  
however, m e t  with some d i f f i c u l t y .  In a l l  cases a w e l l  defined 
l i n e a r  range on t h e  E - log i p lo t  was found, the individual 
curves reproduced well with r i s i n g  and falling current,  and the  
values of Si i n  a given series increased w i t h  temperature. 
O t h e i ?  hend t h e  v z h e s  f o r  Si, obtained i n  d i f f e ren t  series, done 
f o r  example on d i f f e ren t  dags, showed a wide s c a t t e r .  The following 
f igu res  show t h e  extremes recorded. 

On t h e  

( a )  A t  a given temperature (65OOC) 
Lowest Si = 165 mV , (ai = 0.555) 

Highest Si = 530 mV , (ai = 0.173) 

( b  ) A t  any temperature. 

Lowest Si = 147 mV , (ai = 0.536) at 52OoC. 

Highest Si = 800 mV , (ai = 0.121) a t  70OoC. 

A t  first s ight  it was d i f f i c u l t  t o  explain these var ia t ions 
on t h e  diffusion theory, since they implied a very wide va r i a t ion  i n  
the  value of kB k4 and it was hard t o  see how t h i s  could occur. 

ki k3 
It w a s ,  however, noticed t h a t  the value of Si w a s  dependent 

on t h e  h i s to ry  o f  the anode compartment conditions i n  t h e  following 
manner. If t h e  anode compartment had been l e f t  f o r  a long period 
under pure hydrogen, low values f o r  S were obtained. If, however, 
it had been l e f t  under carbon dioxide before t h e  t e s t s  with pure 
hydrogen, high values were obtained f o r  si. 
sugzested the  following explanation. 
decomposition of t h e  carbonate e l e c t r o l y t e  i n  t h e  anode compartment 
w i l l  occur, leaving i t  GOa depleted and r i c h  i n  M20. This w i l l  
mean t h a t  there  i s  a chemical sznk avai lable  f o r  t h e  carbon 
dioxide, produced when taking a current, and would be expected t o  
r e s u l t  in a very high value f o r  k3 (Cog) as compared with diffusion 
twough t h e  l i q u i d  t o  the bulk gas. There would a l s o  be a tendency 
f o r  k2(H20) t o  increase f o r  t h e  same reason, but s ince the  
equilibrium 

i 

This observation 
I n  t h e  former case some 

I . . .  
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2 blOH+ COZ = b12 COsm+H20 ............................ (6) 
i s  well over on t h e  carbonate s ide we might expect t he  e f f ec t  on 
k2 t o  be considerably l e s s  marked. If t h i s  i s  t rue  then we can see that  
the value of K1 w i l l  be considerably reduced and t h i s  w i l l  r e su l t  i n  
an abnormally low value f o r  Si. 
anolyte has been under C 0 2 ,  but starved of H20, similar considerations 
w i l l  d i c t a t e  a low value f o r  kz C O e )  and a high value f o r  k2 (H20) 

would expect a high value for K1 and hence S.. Confirmatory 
evidence i s  t h a t ,  i n  t h e  Con def ic ien t  condi%ion, unnaturally low 
open c i r c u i t  vol tages  were observed on hydrogen. This i s  t o  be 
expected ‘ f  the concentration of oxygen ions i n  the  anolyte i s  

Final ly  the  l imi t ing  current region was explored f o r  

One can a l so  postulate  that when the 

due to t h e  reverse of reac t ion  ( b ) above. I n  t h i s  case therefore  we 

increased Fz )- . 

various hydrogen-carbon dioxide mixtures on silver-palladium and 
the  r e s u l t s  a re  shown i n  figure 18. 
l i m i t i n g  current region w a s  very unstable.  

Conclusions 

It i s  poss ib le  t o  explain the experimental r e s u l t s  i n  terms 
of a diff’usion cont ro l  mechanism, but f b r t h e r ,  more rigorously 
control led experiments a r e  necessary t o  obtain a va l id  quant i ta t ive  
cor re la t ion .  We pos tu la te  t h a t  at a given current densi ty  the observed 
polar iza t ion  i s  due t o  the  change i n  surface concentrations necessary 

t o  meet the  requirements of the  processes occurring. It follows 
t h a t  i n  the lower current  densi ty  region the  diff’usion r a t e s  of t h e  
products a r e  the  dominant f ac to r s  and t h a t  i n  the  higher current density 
region t h e  r a t e  of hydrogen d i f fus ion  w i l l  become dominant. I n  t h e  
l a t t e r  case t h e  r a t e  o f  d i f f i s i o n  o f  hydrogen through’the bulk metal 
can be of great  s ignif icance.  

With pure hydrogen the 

’ t o  produce the d i f f i s i o n  r a t e s  o f  both reac tan ts  and products 

An e s s e n t i a l  p a r t  of the  treatment i s  the  assumption tha t  
t he  water gas s h i f t  occurs a t  t he  electrode surface and reaches 
e qui1 ibr ium. 

un l ike ly  i n  view of t he  wide va r i a t ion  i n  wi‘that w a s  found. 

influence the diff’usion rates of C02 and H20. 

metals and other fuels. 

Any explanation i n  t e r m s  of ac t iva t ion  control  seems 

P a r t i a l  decomposition of t he  anolyte could s t rongly 

The inves t iga t ion  will continue wi th  s tud ies  on other  
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Fig. l . -CEU AFTER 20 DAYS AT 650°C AND 10 PSI SEALING 
PRE3SURE, SHOWING LACK OF DIAPHRAGM CFUBP 
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Fig. 3 , -HOT -PRESSED ELECTROLYTE DIAPHRAGMS, 2 .5" 
AND 4.6'' IN DIAMETER 

Fig. 4. -SECTION OF INTEGRAL CELL 
MADE BY SINGLE HOT-PROCESSING OPERATION 



Fig. 5.- FIFTY-WATT BATTEXY WITH HEATER AND INSULATION 

170’ 

I 

7’ I 



-171 -  

65C 

\ 

G o a  W 
a 
3 
b- 
U a 
W a r 
W 
t- 

\ 

I 55a 

n 

i 

\ 

I 

50 W % M g 0  DIAPHRAGM. 
15 c m 2  ELECTRODES 
2 HOUR CYCLE. NEW CELL 

.TEMPERATURE RISING 

TEMPERATURE FALLING 

I I 

0.05 0,055 0.06 
INTERNAL RESISTANCE OHMS 

FIG 6 ESTABLISHMENT OF 3 PHASE INTERFACE 

I 

1.21 1 1 1 

FUEL CH4 ( 2 - 5  m l s l m i n l c m 2 )  

PRE-REACTED 65OOC ( H20 : CH4, 2 :  1 )  

CELL AT 550OC.  

@ BEFORE ANODE ACTIVATION 

@ AFTER ANODE ACTIVATION 1 
I I 

0 50 100 
I I 

CURRENT DENSITY m A l c m  2 

FIG. 7 EFFECT O F  ANODE ACTIVATION. 



-172- 

1 I 

FUEL CH4: H 2 0  ( 1 :  2 )  PREREACTED 65OOC. - 
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FIG. 8 INITIAL PERFORMANCE CELL H.f?48 
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Fig. LO.-SECTIONS OF ELECTROW DIAPHRAGMS AFTER 
450 HOURS AT 6 0 0 " ~ .  SHOWING SEVElB LAMINAR FAUU'S 
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FIG. 1 1  DETERIORATING DIAPHRAGM. PERFORMANCE --LEAK. 

- 

I 

P 

0.6 

I I I 

CONSTANT CURRENT 4 0  m A / c m 2  
H2 600OC. 

- 

DAYS ON LOAD. 
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F i g .  l).-SECTION OF IMPROVED DIAF)inP.c,M AFTER 
450 HOURS AT 6OOuC, SHOWING ABSENCE OF LAMINAR 
FAULTS (see Fig, 10) 
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HYDROGEN 
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THE DOUBLE-DUTY ANODE FOR 
MOLTEN-CARBONATE FUEL CELLS 

R. W .  Hardy, W .  E .  Chase, and J .  McCallum 

B a t t e l l e  Memorial I n s t i t u t e  
Columbus, Ohio 

INTRODUCTION 

One of the  p r i n c i p a l  ob jec t ives  of r e sea rch  on molten-carbonate 
f u e l  c e l  s has been a b a t t e r y  which would opera te  on a carbonaceous f u e l  
and air.’-8 Natura l  gas  ha e n of s p e c i a l  i n t e r e s t  because of i t s  low 
c o s t  and wide a v a i l a b i l i t y .  8 ’ ’ 3 ’ 7 y g  However, i n  t he  r e fe rences  c i t e d  it 
has been recognized t h a t  hydrocarbons do not supply much c u r r e n t  when used 
d i r e c t l y  i n  the  f u e l  c e l l .  
a s  steam reforming o r  p a r t i a l  a i r  oxida t ion  t o  y i e l d  e lec t rochemica l ly  
a c t i v e  s p e c i e s ,  predominantly hydrogen and carbon monoxide. The r equ i r e -  
ments fo r  e f f e  t i v e  steam reforming i n  a f u e l  c e l l  were d iscussed  i n  a 
previous paper, and the  advantages of car ry ing  out t he  steam reforming 
on t h e  anode were descr ibed .  

There must b e  a preceding chemical s t e p  such 

6 

Three advantages a r e  r e a l i z e d  by steam reforming n a t u r a l  gas 
d i r e c t l y  on the  anode : 

(1) Good h e a t  exchange between the  exothermic e l e c t r o -  
chemical ox ida t ion  and the endothermic steam- 
reforming r e a c t i o n .  

(2)  Less steam requ i r ed  because product steam from 
e lec t rochemica l  ox ida t ion  of hydrogen i s  
a v a i l a b l e .  

(3)  More ex tens ive  conversion of methane because 
products (H + CO) a r e  being consumed. 

2 

The p o s s i b i l i t y  of r e a l i z i n g  these  advantages led  t o  the  f i r s t  g o a l  of 
e lec t rochemica l  r e sea rch .  The goa l  was t o  ob ta in  both  reforming and 
e lec t rochemica l  ox ida t ion  on the  anode. 

THE DOUBLE-DUTY-ANODE CONCEPT 

The idea of car ry ing  out steam reforming on the  anode i t s e l f  
has been y6oposed by previous yprkers .  
a pa t en t ,  
experiments w i t h  methane-steam mixtures on n i c k e l  b a t t e r y  p laques .  
descr ibed  resul ts  of experiments with mixtures of n a t u r a l  gas  and steam 
reformed i n  a s epa ra t e  c a t a l y s t  chamber i n  con tac t  w i th  the  c e l l .  

Linden and Schu l t z  sugges t  i t  i n  

4 and Schul tz  e t  a l .  desc r ibe  r e s u l t s  of some reforming 
Sandler  

Schu l t z ’ s  
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da ta  ind ica t ed  t h a t  a t  730 C ,  15 mole percent  hydrogen would be found i n  
a mixture reformed on a n i c k e l  b a t t e r y  plaque, and 12 percent  would be 
found when reforming on t he  e l e c t r o d e  holder  a lone .  The equi l ibr ium 
composition i s  about 75 pe rcen t  hydrogen. Thus, n i c k e l  b a t t e r y  plaques 
a r e  no t  p a r t i c u l a r l y  e f f e c t i v e .  Sandler  repor ted  almost complete ( i . e . ,  
equi l ibr ium)  conversion of methane t o  hydrogen on h i s  unspec i f ied  
c a t a l y s t  a t  580 C .  

The performance of a l l - n i c k e l  porous bodies as  steam reformers 
might be improved by forc ing  the  steam-methane mixture through the  pores 
of the  coa r se  l a y e r  r a t h e r  t han  simply passing the  gas mixture along one 
face  of t h e  porous plaque and allowing the mixture t o  d i f f u s e  i n t o  the  
r e a c t i o n  zone. It was t o  o b t a i n  t h i s  "forced-by" opera t ion  t h a t  t he  
double-duty anode shown i n  F igure  1 was designed. The t e r m  "forced-by" 
i s  used t o  d i s t i n g u i s h  t h i s  mode of f u e l  feed from o the r  modes such as 
d i f f u s i o n ,  "blow- through" , and "dead-end". 

The e l ec t rode  is  designed f o r  use wi th  a f r e e  e l e c t r o l y t e ;  
t h e r e f o r e ,  it, is a two-layer,  double-porosity e l ec t rode .  That i s ,  t he re  
i s  a f ine-pore  l aye r  which i s  flooded wi th  e l e c t r o l y t e  during opera t ion ,  
s e a l i n g  one face  of  t h e  c o a r s e  l aye r  a g a i n s t  gas  leakage. By s i n t e r i n g  
the  o the r  face  of t he  coa r se  l aye r  t o  t h e  e l e c t r o d e  holder ,  a gas passage 
is  formed so  tha t  f u e l  gas  in t roduced  a t  one edge of the  e l ec t rode  is  
forced through the  coarse  l a y e r  p a r a l l e l  t o  t h e  e l ec t ro ly t e -gas  i n t e r f a c e  

. and out  t h e  oppos i te  edge. The use of forced flow requ i r e s  t h a t  p ressure  
drop be cons idered .  For long flow p a t h s ,  i t  would be impossible t o  
main ta in  the  meniscus i n  t h e  f i n e  l aye r  near t h e  e x i t  edge without 
exceeding t h e  bubble p re s su re  near  t h e  i n l e t .  A r u l e  of thumb adopted 
fo r  des igning  e l ec t rodes  was  t h a t  t he  p re s su re  drop between the  i n l e t  
and e x i t  edges should no t  exceed 10 percent  of t he  bubble pressure  of 
the  f ine -pore  layer. 

To meet the  p r e s s u r e  drop requirements f o r  la rge-area  e l ec t rodes ,  
a holder  w a s  designed which provided s h o r t  flow paths without r e s t r i c t i n g  
the o v e r a l l  dimensions of t h e  e l e c t r o d e .  This design is shown i n  Figure 2 .  
The f u e l  i n l e t  and o u t l e t  channels  a r e  i n t e r l a c e d  t o  fo rce  the  methane- 
steam mixture  through a s e c t i o n  of t he  coarse  l a y e r .  

OPERATIONAL LIMITS FOR DOUBLE-DUTY ANODE 

Most f u e l  b a t t e r i e s  t o  be economically success fu l  must conver t  
a l a r g e  percentage of t h e  f u e l  t o  e l e c t r i c i t y .  This r equ i r e s  both  ex tens ive  
convers ion  of f u e l  t o  products  and h igh  e lec t rochemica l  e f f i c i e n c y .  While 
much emphasis has been p laced  on the  l a t t e r  cond i t ion  ( i . e . ,  vo l t age  
e f f i c i e n c y ) ,  many i n v e s t i g a t o r s  seems t o  have neglec ted ,  s o  f a r ,  t he  f i r s t  
requirement ( i . e .  , ex tens ive  conve r s ion ) .  When t h e  products of t he  e l e c t r o -  
chemical r e a c t i o n  are g a s e s ,  no t  only does d i l u t i o n  of  t h e  f u e l  occur,  bu t  
the  products reduce t h e  r e v e r s i b l e  p o t e n t i a l  as t h e i r  concent ra t ion  inc reases .  
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This was3well emphasized by Broers and Ketelaar12 and by Chambers and 
Tantram, who showed t h e  e f f e c t  of ex ten t  of conversion on the  t h e o r e t i c a l  
vo l tage  of a c e l l .  

Equilibrium gas compositions w e r e  c a l cu la t ed  f o r  each c e l l  i n  a 
s i x - c e l l  s e r i e s - f e d  module ( see  Reference 8 f o r  model). The c a l c u l a t e d  
compositions fo r  a 1:l methane-steam mixture a r e  g iven  i n  F igure  3. It 
is apparent t h a t  most c e l l s  w i l l  be suppl ied  wi th  H + CO i f  adequate 
reforming occurs.  
corresponding t o  70 percent  e lec t rochemica l  ox ida t ion .  This composition 
was designated " l ean  f u e l  gas". I n  the s i x - c e l l  modules, t h e  e l e c t r o -  
chemical consumption was p ro jec t ed  as 84 percent ;  t h e r e f o r e ,  t h e  l a s t  of 
the  s i x  c e l l s  m u s t  consume about h a l f  of the  f u e l  value suppl ied  t o  i t .  
The g o a l  e s t ab l i shed  w a s  100 ma/sq cm a t  a p o t e n t i a l  more nega t ive  than 
-0.78 v o l t  versus  ORE" with 50 percent  consumption of guel.  
was a l s o  e s t ab l i shed  on t h e  basis of the des ign  s tudy .  ) This p o t e n t i a l  
was chosen because n i c k e l i s  thermodynamically s t a b l e  t o  oxida t ion  according 
t o  the  r e a c t i o n  

2 Double-duty anodes were operated on the  composition 

(The goa l  

N i  + 112 O2 e N i O  

a t  p o t e n t i a l s  more nega t ive  than -0.78 v o l t  versus  ORE when aNiO = 1 ( i . e . ,  
when the m e l t  i s  s a t u r a t e d  wi th  NiO) and no o the r  r eac t ions  occur.  

The p o t e n t i a l s  c a l c u l a t e d  (assuming equi l ibr ium)  f o r  the f u e l  
mixture en ter ing  s e v e r a l  c e l l s  a r e  given i n  Table 1. Thus, t h e  l i m i t a t i o n s  
imposed on the  p o t e n t i a l  of the  anode i n  the  s i x t h  c e l l  by gas  composition 

TABLE 1. OPEN-CIRCUIT POTENTLAL OF FUEL GAS MIXTURES 

Open-circuit  Poten 1 1, Fa7 C e l l  (of 6)  a t  1.4 Atm,vs ORE 

1 en te r ing  

4 en te r ing  

6 en te r ing  ("Lean Fuel Gas") 

-1 .22  

-0.98 

-0.91 

i' 

i 
\ 

I 

(a) See foo tno te ,  page 5 ,  for  desc r ip t ion  of Oxygen 
Reference Elec t rode  (ORE) .  

and by the n i cke l  co r ros ion  p o t e n t i a l  l eave  only 0.13 v o l t  f o r  po la r i za t ion .  

* Unpublished r e s u l t s .  "ORE" i s  the  Oxygen Reference E lec t rode ,  a 
reproducib le ,  simple r e fe rence  e l ec t rode  f o r  use i n  molten carbonates .  
It c o n s i s t s  of a platinum wire s p i r a l  p a r t i a l l y  immersed i n  molten 
carbonate and bathed with a mixture of 70% CO and 30% 0 . With proper 
cons t ruc t ion  and s p e c i a l  a t t e n t i o n  t o  i s o l a t i o n  of the e l e c t r o l y t e  
chamber from the  bulk e l e c t r o l y t e ,  p o t e n t i a l s  a r e  wi th in  5 vf of the  
thermodynamically ca l cu la t ed  values .. 
l i m i t s  of  a poten t iomet r ic  r eco rde r .  In  p r i n c i p l e ,  t h i s  e l ec t rode  i s  l i k e  
those descr ibed  by Stepanov and Trunovl3 and by Janz and Saegusa.14 

2 

It is  r e v e r s i b l e  wi th in  t h e  loading 
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OPERATION OF THE DOUBLE-DUTY ANODE ON A 
LEAN FUEL GAS MIXTURE 

To e s t a b l i s h  t h a t  t h e  proper flow p a t t e r n  could be achieved,  
e l e c t r o d e s  were operated on f u e l  mixtures  conta in ing  hydrogen and carbon 
monoxide before  us ing  methane-steam mixtures .  Experiments on s t a b i l i t y  
of the  forced-by mode were combined with experiments t o  determine the 
e x t e n t  of the  f u e l  u t i l i z a t i o n .  

F i r s t  experiments  were performed with 2-sq-cm e l e c t r o d e s  mounted 
i n  a holder of t h e  type  i l l u s t r a t e d  i n  Figure 4 .  The f u e l  gas  w a s  introduced 
a t  the  arc-shaped recess on one s i d e  and was removed a t  t h e  recess on the 
oppos i te  s i d e .  S t a b i l i t y  of t h e  forced-by mode was e s t a b l i s h e d  i n  s e v e r a l  
experiments where c u r r e n t  d e n s i t i e s  up t o  100 ma/sq cm were obta ined  a t  
-0 .78 v o l t  versus  ORE. Occasional  f looding of t h e  anode occurred when f u e l  
pressure dropped a c c i d e n t a l l y  o r  i n t e n t i o n a l l y .  Flooding w a s  r e a d i l y  
cor rec ted  by c l o s i n g  t h e  e x i t  l i n e  t o  force  e l e c t r o l y t e  out  of t h e  coarse- 
pore layer .  No permanent l o s s  of  performance r e s u l t e d  from f looding .  Thus, 
s t a b l e  e l e c t r o d e  o p e r a t i o n  is p o s s i b l e  with the  forced-by mode. 

Most of the  e l e c t r o d e s  were operated f o r  only a few hours  a t  a 
g i v e n  performance l e v e l  t o  e s t a b l i s h  t h a t  t h e  mode of opera t ion  was s t a b l e .  
Some f a i l u r e s  occurred ,  r e s u l t i n g  i n  loss of gas  pressure .  F a i l u r e s  were 
t r a c e a b l e  t o  poor bonding of t h e  e l e c t r o d e  t o  the holder  or  of the  coarse  
l a y e r  t o  t h e  f i n e  l a y e r .  B u t ,  s a t i s f a c t o r y  long-term performance w a s  
ind ica ted  by o p e r a t i n g  a n  anode f o r  1 1 - 1 / 2  days.  I n i t i a l l y  the e l e c t r o d e  
and a s s o c i a t e d  tubing system showed l i t t l e  leakage,  but  a t  the end of 
1 1 - 1 / 2  days the leakage  of gas  i n t o  the  melt  had become too  g r e a t  f o r  
f u r t h e r  r e s u l t s  t o  have p r a c t i c a l  s i g n i f i c a n c e .  Performance remained the  
same throughout except  during one purging requi red  t o  remove a f looding 
condi t ion .  On lean f u e l  gas (18 percent H + GO) t h e  c u r r e n t  d e n s i t y  was 
7 5  ma/sq cm a t  -0.80 v o l t  versus  ORE.  F i fgy  t o  s i x t y  percent  of  t h e  f u e l  
va lue  was conver ted  e l e c t r o c h e m i c a l l y  throughout t h e  11-1/2-day opera t ion .  
This  e s t a b l i s h e d  t h a t  good f u e l  u t i l i z a t i o n  could be obtained along with 
adequate  performance . 

Cause of  t h e  gas  leakage can be seen  on the photograph i n  
F igure  5. Two types o f  f a i l u r e  a r e  apparent .  The s e p a r a t i o n  i n  the 
coarse  layer seen  i n  t h e  s e c t i o n  is  r e s p o n s i b l e  f o r  the l a r g e  bulge i n  
t h e  c e n t e r .  With a c t i v e  f u e l s  which do not  r e q u i r e  steam reforming,  
s e p a r a t i o n  has l ' i t t l e  e f f e c t  on e l e c t r o d e  performance. Separa t ion  is  a 
mechanical problem and can be c o r r e c t e d  by improved s i n t e r i n g  technique 
and by the use  of  a mechanical suppor t  i n  the  form of a honeycomb alumina 
s e p a r a t o r  between e l e c t r o d e s  i n  a c e l l  which reduces the unsupported span 
of t h e  s i n t e r e d  s t r u c t u r e .  

I 

I 
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Pockmarks and t h e  small mounds of powder which appear 
predominantly a t  the  edge of t he  e l e c t r o d e  were the  s i tes  of g a s  leakage. 
The loca t ion  of p i t s  near t h e  e x i t  s i d e  and of powder depos i t s  near t he  
i n l e t  s i d e  sugges ts  t h a t  the  g rad ien t  i n  reduct ion  p o t e n t i a l  from i n l e t  
t o  o u t l e t  s i d e s  is the  cause of t h i s  type of f a i l u r e .  A g r a d i e n t  i n  the 
reducing power of  the  gas  phase w i l l  r e s u l t  i n  a s i m i l a r  g r a d i e n t  i n  the 
melt wi th in  the  pores of the  anode. 
d i s so lves  ; i n  more reducing reg ions  i t  depos i t s .  Small p a r t i c l e s ,  r e l eased  
from the porous mat r ix  a t  one p o i n t ,  a r e  suspended i n  t h e  mel t  and a r e  
incorporated i n  the  su r face  where n i cke l  ions depos i t .  Despite t he  p o t e n t i a l  
se r iousness  of the  loss of m a t e r i a l ,  two measures can be  proposed t o  reduce 
the t r ans fe r  of n i cke l :  

I 

I n  more oxidizing reg ions  n i c k e l  

i 

(1) Provide more uniform gas d i s t r i b u t i o n  t o  minimize 
the  reduct ion  g rad ien t  ac ross  t h e  anode. 

( 2 )  Overlay the anode su r face  wi th  a f i n e  mesh sc reen  
t o  r e t a i n  p a r t i c l e s  loosened by d i s s o l u t i o n  of 
n i cke l .  Electroformed n i c k e l  sc reens  of 1000 l i n e s  
per inch a r e  a v a i l a b l e  and provide the  equ iva len t  
of a specimen prepared by powder metallurgy wi th  
l a r g e  p a r t i c l e - p a r t i c l e  con tac t .  Such screens  have 
g iven  s a t i s f a c t o r y  performance i n  shor t - t ime 
experiments where the  sc reen  w a s  used as  the f i n e -  
p o r e  l aye r .  

During the  opera t ion  of t h i s  small  (2-sq-cm) anode, a mass 
spec t romet r ic  a n a l y s i s  w a s  made of a sample of e x i t  g a s .  
95 percent of the sample w a s  carbon d ioxide .  The hydrogen-to-carbon 
monoxide r a t i o  was 1 t o  1 . 6 ,  i nd ica t ing  t h a t  even without a s p e c i a l  water- 
gas s h i f t  c a t a l y s t  about one - th i rd  of the  cu r ren t  w a s  der ived  from carbon 
monoxide. This r e s u l t  means t h a t  i t  w i l l  not be necessary t o  conver t  a l l  
the methane t o  hydrogen, and the  water-gas s h i f t  need not be complete.  

On a dry  b a s i s ,  

A laboratory-model f u e l  c e l l  having 18-sq-cm e l ec t rodes  was used 
for  s eve ra l  experiments w i th  lean  f u e l  g a s .  The anode holder of F igure  2 
was used i n  the  l abora to ry  c e l l .  Problems of s ea l ing  t h e  c e l l  aga ins t  
e l e c t r o l y t e  loss  were avoided by dipping both  e l ec t rodes  i n t o  a pot  of 
molten carbonate .  A re ference  e l ec t rode  was included i n  the  s e t u p  f o r  
recording s i n g l e  e l e c t r o d e  p o t e n t i a l s .  The b e s t  performance obta ined  wi th  
one of these anodes on l ean  f u e l  gas  was 25 ma/sq cm a t  -0.78 v o l t  versus  
ORE fo r  about two days.  The performance of the  18-sq-cm e l e c t r o d e  was some- 
what low because of des ign  and f a b r i c a t i o n  problems. Separa t ion  of the 
anode from the  holder allowed f u e l  t o  bypass some s e c t i o n s  of t he  e l ec t rode ,  
r e s u l t i n g  i n  a reduct ion  of the e f f e c t i v e  a r e a .  Improvements i n  the  design 
and f a b r i c a t i o n  a r e  expected t o  br ing  the  l e v e l  of performance of t he  l a r g e  
anode u p  t o  t h a t  of the  2-sq-cm anode, or 100 ma/sq cm a t  -0.78 v o l t  versus 
ORE. 
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STEAM REFORMING OF METHANE 
ON ANODE STRUCTURES 

Af te r  demonstrating t h a t  t h e  double-duty anode would opera te  
s a t i s f a c t o r i l y  i n  the  forced-by mode and t h a t  t he  lean  f u e l  gas reaching 
the  l a s t  of a s e r i e s  of s i x  c e l l s  could s u s t a i n  adequate c u r r e n t  d e n s i t i e s ,  
the  next s t e p  was use of a methane-steam mixture  i n . t h e  double-duty anode. 
A i  few experiments wi th  n i c k e l  double-duty anodes revea led  l i t t l e  a c t i v i t y  
f o r  steam reforming, i n  g e n e r a l  agreement wi th  the  work of Schul tz  e t  a l .  

A s u i t a b l e  steam-reforming c a t a l y s t  was sought f o r  incorpora t ion  
i n t o  the  n i c k e l  ma t r ix .  A survey of t he  l i t e r a t u r e  revea led  t h a t  a 
s u i t a b l e  supported c a t a l y s t  should be n i cke l  on p e r i c l a s e  ( n a t u r a l  magnesium 
oxide) . 
and carbon monoxide w e r e  r epor t ed .  Magnesium oxide i s  r e s i s t a n t  t o  a t t a c k  
by molten a l k a l i  ca rbona te s ,  a s  is n icke l  i n  the  f u e l  atmosphere. 

Near- t h e o r e t i c a l  conversipys of methane-steam mixtures t o  hydrogen 

i 

i 

r 

i 

Severa l  t r i a l  compositions lead  t o  a s u i t a b l e  mixture of nickel. 
and p e r i c l a s e  powders which maintained s t r u c t u r a l  i n t e g r i t y  a f t e r  press ing  
and s i n t e r i n g .  The compact cons i s t ed  of 15  weight percent  p e r i c l a s e  and 
85 percent  n i cke l .  Both were i n  t h e  form of 100-micron powders. Af te r  
press ing  and s i n t e r i n g  under hydrogen, t h e  compact was t r e a t e d  wi th  n i c k e l  
n i t r a t e  s o l u t i o n  and d r i e d  on a ho t  p l a t e .  The n i cke l  n i t r a t e  w a s  decomposed 
and reduced simultaneously b y  hea t ing  i n  a hydrogen atmosphere t o  760 C ,  
s l i g h t l y  above the  ope ra t ing  temperature of the c e l l .  

f 
0 

Pr io r  t o  making f u e l  e l e c t r o d e s ,  sma l l - sca l e  steam-reforming 
experiments were c a r r i e d  o u t  wi th  the c a t a l y s t - n i c k e l  powder mixture .  The 0 
sma l l - sca l e  reformer consisted of a 1/8-inch Inconel pipe (0.269-inch I D )  
wi th  b r a s s  tees  s i l v e r  so lde red  on each end. A 1/4-inch-OD Inconel  tube 
wi th  200-mesh n i c k e l  s c r e e n  over t he  end was i n s e r t e d  i n t o  the  p ipe .  The 
pipe was o r i en ted  v e r t i c a l l y  i n  a 1-1/4-inch-diameter,  12-inch-long tube 
furnace ,  and 1.4-cm l a y e r  o f  u n i i n t e r e d  n i c k e l  n i t r a t e - t r e a t e d  mixture 
was packed onto the  sc reen .  The system was sea l ed  we l l  enough t o  keep the  

furnace were i n s u l a t e d ,  and hea t ing  tapes were used on t h e  en t rance  l i n e  t o  
keep the  temperature above 100 C .  

/ 
l eak  r a t e  a t  only 1 m l  of hydrogen i n  13 minutes-a t  6 ps ig .  The ends of t he  4 

The usua l  t e s t  procedure was a s  follows: (1) purge t h i s  r e a c t o r  
wi th  hydrogen, (2) h e a t  t o  760 C t o  decompose t h e  n i cke l  n i t r a t e ,  (3) hold 
1 /2  t o  1 hour a t  t empera ture  t o  reduce t h e  n i c k e l  oxide i n  the  p e r i c l a s e ,  
(4) a d j u s t  the temperature t o  the  value shown i n  Table 2 ,  and (5) purge from 
4 t o  6 hours wi th  methane-steam mixture a t  the pressure  shown before  sampling 
t h e  e x i t  gas  f o r  a n a l y s i s  b y  mass spectrography. 
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The flow r a t e  of the methane was ad jus ted  t o  g ive  a res idence  time 
of about 0.1 minute. A blank run  was made wi th  n i c k e l  powder i n  the  reformer 
tube. Ana ly t i ca l  r e s u l t s  of these  two experiments and the  ca l cu la t ed  
equi l ibr ium composition a r e  g iven  i n  Table 2 .  . 

TABLE 2 .  COMPOSITIONS OF MIXTURES RESULTING FROM 
STEAM REFORMING OF METHANE I 

~~~~~ ~ 

Pres-  Tempera- Percent- 
s u r e ,  t u r e ,  age 

co co2 Reaction(a) C CH4 H2 Condition ps ig  

Theore t i c a l  
Equilibrium 5.9 . 727 7.8 69.2 20.8 2.2 74.6 

Nicke 1 
Powder 5.5 7 32 97.5 0.3 0 .8  0 .3  1.1 

Ca ta lys t  
Mixture 5.6 727 9.4 68.8 17.9 3.9 70 

16 (a)  Calcu la ted  from: 

] 100. 
% CH4 

% CH4 -I % CO 4- % C02 [.- % r e a c t i o n  = 

Percentage r e a c t i o n ,  ca l cu la t ed  by the  equat ion  of Arnold e t  al,,16 i s  a 
measure of methane r eac t ed .  The ex ten t  of the  water-gas s h i f t  r eac t ion  
cannot be measured by the  equat ion .  
of the c a t a l y s t  mixture f o r  steam-reforming methane. A number of other 
experiments wi th  d i f f e r i n g  amounts of c a t a l y s t  and somewhat d i f f e r e n t  
temperatures and pressures  a l s o  gave r e a c t i o n  percentages i n  the  reg ion  
of the t h e o r e t i c a l  va lues .  These o the r  experiments support  t he  v a l i d i t y  
of the  conclusion t h a t  the c a t a l y s t  mixture i s  e f f e c t i v e .  The s h o r t  . 
res idence  time permits use of a 0.05 t o  0 .06- inch- th ick  coarse  l aye r  i n  
an anode opera t ing  a t  100 ma/sq cm. 
15 weight percent ca ta lyzed  p e r i c l a s e  i n  the  coarse  layer  was a l s o  prepared. 
It  was a s t r u c t u r a l l y  i n t e g r a l  d i s c  a f t e r  press ing  and s i n t e r i n g .  

The r e s u l t s  demonstrate t he  e f f i cacy  

A smal l  double-layer anode containing 

, 
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SUMMARY 

Experiments have shown the f e a s i b i l i t y  of  obtaining good steam- 
reforming a c t i v i t y  from a supported n i c k e l  steam-reforming c a t a l y s t .  I t  
has  a l s o  been demonstrated t h a t  such mixtures  can be  incorporated i n  a 
s t r u c t u r a l l y  i n t e g r a l  two-layer e l e c t r o d e .  

Anodes were designed fo r  dual-purpose o p e r a t i o n  i n  a f r e e - e l e c t r o l y t e  
molten-carbonate f u e l  c e l l .  The a b i l i t y  of t h e  anode s t r u c t u r e  t o  funct ion 
properly with t h e  forced-by f u e l  flow mode was demonstrated.  S t a b l e  operat ion 
a t  100 ma/sq cm a t  -0.80 v o l t  versus  ORE was obtained with a f u e l  mixture  
containing only 18 pe rcen t  hydrogen and carbon monoxide. Such operat ion 
demonstrates t h a t  adequate  performance can be  obtained while  e lectrochemical ly  
oxidizing 85 pe rcen t  of t he  f u e l  value i n  a methane-steam mixture  a s  required 
f o r  t he  b a t t e r y  model d i scussed  i n  a n  e a r l i e r  paper.  Further  work i s  needed 
t o  e s t a b l i s h  long-time performance of t he  double-duty anode with methane- 
steam mixtures .  

The a u t h o r s  wish t o  thank members of t he  Fuel  C e l l  Research Group, 
who sponsored t h i s  work, fo r  permission t o  pub l i sh .  
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-J Nickel capi l lary  tubes 

N i c ke I electrode holder 

Layer of coarse nickel 
powder 

Layer  o f  f ine nickel 
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BOTTOM VIEW 

FIGURE 1. DOUBLE-DUTY ANODE DESIGN SHmWING FORCED-BY MODE. 
(WHEN COARSE LAYER CONTAINS CATALYST THE ELECTRODE 
PERFORMS BOTH FUNCTIONS, STEAM REFORMING OF METHANE 
AND ANODIC OXIDATION OF FUEL.) 

6 1  
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W I 
Anode Holder 

1 ' FIGURE 2 .  HOLDER FOR LARGE DOUBLE-DUTY ANODES. ELECTRODE AREA 
3 18 SQ CM. 
i 
< \  
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Electrochemical Utilizatjon, per cent 

FIGURE 3 .  CALCULATED EQUILIBRIUM G4S COMPOSITION I N  A FUEL BATTERY 
SUPPLIED WITH 1 : l  METHANE:STEAM MIXTURE AT 1000 K AND 
1 .4  ATMOSPHERES. 

/ 

I ,  



\ 

-191- 

P 

t 
A 

7 
A 

FIGURE 4 .  DETAILS OF 2-SQ-CM ANODES. ONE GAS I N L E T  
TUBE WITH FERRULE IS SHOWN. 
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FIGURE 5. APPEARANCE OF A 2-SQ-CM ANODE AFTER 11-1/2 
'DAYS OF OPERATION ON LEAN N E L  GAS. 
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Long run experiments on high temperature 
molten carbonate  f u e l  c e l l s  

G.H.J.  Broers and M. Schenke 

Central  Technical I n s t i t u t e  T.N.O., The H,ague, Netherlands "1 

INTRCDUCTIOX 

Research on high temperature f u e l  c e l l s  of t h e  molten carbonate  e lec t ro-  
l y t e  type,  by the  Dutch organisa t ion  TP.N.O. ,  was taken up i n  1950. The 
development o f  t h i s  work has  beendescribed i n  a s e r i e s  o f  p u b l i c a t i o n s  [ I  j - 
[ 6 ] .  Commentson the  work can a l s o  be found i n  [7]  and [8j. 

A s i g n i f i c a n t  s t e p  towards t h e  r e a l i s a t i o n  o f  the s t r i c t l y  necessary 
g a s t i g h t n e s s  was made by t h e  a p p l i c a t i o n  of t h e  so-called p a s t e  e l e c t r o l y t e  
[4] [ 5 j .  I t  i s  obtained by blending an i n e r t  powdered s o l i d  such as Mg0 with 
a given amount of binary o r .  t e r n a r y  a l k a l i  carbonate mixture (Li2C03, Na CG 

Above t h e  e u t e c t i c  mei t ing poin t  o f  the carbonates  (5G0°C f o r  Li-Sa; 
3 9 6 O C  f o r  Li-IJa-K) a s t i f f  and dense p a s t e  can be obtained when t h e  i n e r t  
s o l i d  t o  carbonates  weight r a t i o  remains above a c e r t a i n  cri t ical  value. This 
value depends on t h e  p a r t i c l e  s i z e  (and shape) of t h e  s o l i d  c o n s t i t u e n t  and 
the  composition of the  carbonate  mixture. As a rough-and-ready r u l e ,  a 50 s o l i d /  
5u l i q u i d  weight r a t i o  w i l l  y i e l d  a r a t h e r  s t i f f  p a s t e  when t h e  p a r t i c l e  s i z e  
of  t h e  s o l i d  (MgO) i s  below 1 micron; bu t  c l o s e r  readjustments  have t o  be made 
i n  accordance with thP b a s i c  m a t e r i a l s  used. A too high l i q u i d  conten t  w i l l  
cause p l a s t i c  flow, a too low one causes  an unneoessar i ly  high e l e c t r o l y t e  
r e s i s t a n c e .  Under optimal condi t ions ,  the  s p e c i f i c  r e s i s t a n c e  of a t y p i c a l  ' 

MgO/ternary carbonate  p a s t e  is about two t imes a s  l a r g e  a s  t h e  corresponding 
pure l i q u i d  r e s i s t a n c e  ( p a s t e  r e s i s t a n c e  - 1.5 61 cm a t  7OO0C) .  

The experiments t o  be d iscussed  here  were a l l  conducted on a labora tory  
s c a l e .  It w a s  f e l t  t h a t  technological  development work was j u s t i f i e d  only i f ,  
i n  addi t ion  t o  l e a k t i g h t n e s s ,  t h e  fol lowing demands could be s a t i s f i e d :  
1 )  a s p e c i f i c  power output  of a t  l e a s t  50 mW/cm2 at 0.5 v o l t  or b e t t e r ,  
2 )  fue l  and oxidant  u t i l i s a t i o n  o f  a t  l e a s t  80$, a t  cur ren t  d e n s i t i e s  of the! 

order  o f  100 mA/cm2, 
3)  a c e l l  l i f e  of  a t  l e a s t  severa l  months a t  t h e  j u s t  mentioned power outnut ,  

wi th  t h e  aim of ,  reaching a l i f e  o f  the order  o f  t h r e e  y e a r s  [ 6 ] ,  [ 91 i n  
f u t u r e  developments. 
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1 2. CZLL COXjTRUCTION, EXECTRODES AND FUELS 

For  purposes of fundamental research ,  a high temperature c e l l  should 
meet the  fol lowing demands: 1 .  p e r f e c t  gas t igh tness ;  2. absence of aty psra- 
s i t i c  cur ren t  paths ,  such as caused by m e t a l l i c  gaskets  i n  c o n t a c t  wi th  the  
e l e c t r o l y t e ;  3 .  r e l i a b l e  c o n t a c t s  between the  e lec t rodes  and t h e  e l e c t r o l y t e ;  
4. presence of  a s u l t a b l e  re ference  e l e c t r o d e ,  connected t o  t h e  systgm by some 

hea t ing  furnace;  6. a p p r i o p r i a t e  means t o  h o w  t h e  degree of ga lvanic  turnover,  
t h a t  is t h e  r a t i o  of t h e  Faradalc  cur ren t  t o  t h e  f u e l  and oxidant  f e e d  r a t e .  

\ 

I form of e l e c t r o l y t i c  5 r i d g e ;  5. no galvavic  contac ts  with t h e  surrounding 
\ 

h 

G o n d e n c e  on t h i s  subJec t  t o  the  labora tory  address:  
198, Iioogte Kadijk,  Amsterdam-C, !Tetherlands. 

B 
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2.1. Cells 

The mentioned demands a r e  s a t i s f a c t o r i l y  met by t h e  cons t ruc t ions  
shown i n  Fig.  1 and Fig.  2. I n  Fig. 1 the p a s t e  d i s c  is pressed f i rmly 
a g a i n s t  t h e  i n n e r  wal l  of a high-puri ty  A1203 tube a t  about 500°C. There 
is v i r t u a l l y  no r e a c t i o n  between the alumina mater ia l  and .  the  carbonate 
mel t  when t h e  former has  been p r e t r e a t e d  wi th  a s m a l l  q u a n t i t y  of molten 
carbonate f o r  a few days. The working e l e c t r o d e s  a r e  pressed aga ins t  the 
e l e c t r o l y t e  by means of  two a d d i t i o n a l  A1203 tubes with a number o f  
openings a t  the  s i d e  of t h e  e lec t rodes ,  providing gas passages f r o m  in- 
s i d e  t o  o u t s i d e  o r  conversely.  

means of s p r i n g s  with screw adjustments a t  t h e i r  cold ends. 
The p r e s s i n g  f o r c e  on t h e s e  tubes can b e  c a r e f u l l y  c o n t r o l l e d  by 

The r e f e r e n c e  e l e c t r o d e  i s  a P t  o r  hu wire,  dipping i n t o  a A1203 
c a p i l l a r y  f i l l e d  wi th  e l e c t r o l y t e  pas te .  This  "paste  br idge" serves  as  
a EaberLuggin type  connection t o  t h e  d i s c  sur face .  The phase boundarj  
of t h e  r e f e r e n c e  wire  thereby i s  e f f e c t i v e l y  screened f rom t h e  e lec t ro-  
l y t e  d i s c  proper ,  and no j-11-defined stray c u r r e n t s  can pass  through the 
re ference  wire ,  such as i s  most l i k e l y  the  case  with s o - c a l l e d  " i d l e  
e lec t rodes" .  (The l a t t e r  have t h e i r  phase boundary s i t u a t e d  d i r e c t  i n  
t h e  c u r r e n t  pa th  between the  working e lec t rodes . )  The r e f e r e n c e  i s  
f lushed  wi th  t h e  same gas  a s  the  working e lec t rode .  

-Two l e a d  w i r e s  may be connected t o  each of t h e  working e lec t rodes ,  
one serv ing  a s  c u r r e n t  l e a d  and t h e  o t h e r  as p o t e n t i a l  l ead .  Resis tance 
changes of each i n d i v i d u a l  e lec t rode  can t h u s  be measured too. 

Fig. 2 d e p i c t s  a s i m p l i f i e d  vers ion  of  t h e  c e l l  o f  Fig.  1 ,  being 
e a s i e r  t o  .assemble (as  i s  evident  f rom t h e  f i g u r e ) .  I n  t h i s  vers ion,  the 
re ference  e l e c t r o d e  i s  a P t  wire wrapped around t h e  o u t s i d e  of  one o f  . 
the  gas s e a l i n g  81203 tubes.  Use is  made o f  t h e  ( i n  i t s e l f  tedious)  
"creeping" e f f e c t  of t h e  carbonate melt a long  t h e  wal l  of t h e  tube. The 
"creeping f i l m "  s t a b i l i s e s  within one o r  t w o  days of c e l l  operat ion (it  
comes t o  a s t o p  a t  t h e  co lder  p a r t s  of t h e  tube)  and forms a v e q  effec-  
t i v e  e l e c t r o l y t i c  b r i d g e  between t h e  wire and the ring-shaped periphery 
o f  t h e  p a s t e  d isc .  

ilhereas i n  Fig.  1 t h e  re ference  p o t e n t i a l  i s  equal within 2 5 RV 
t o  t h e  corresponding working e lec t rode  p o t e n t i a l  a t  open c i r c u i t ,  t h e  
re ference  p o t e n t i a l  i n  Fig. 2 depends on t h e  gas atmosphere i n  the 
hea t ing  furnace.  Addition of a small COP f l u s h  t o  the  air  i n s i d e  t h e  
furnace y i e l d s  very  s t a b l e  p o t e n t i a l s .  

p a r t s  of t h e  c e l l  and t h e  (a.c.  hea ted)  furnace.  The just mentioned 
"creeping" may otherwise l e a d  t o .  severe  hum pick-up and e l e c t r i c  leakage 
t o  e i t h e r  t h e  a.c. mains or the  ground. 

Great c a r e  must be  taken t o  avoid d i r e c t  contact  between any hot  

2.2. E lec t rodes  

The porous f u e l  e l e c t r o d e s  discussed i n  t h i s  paper were a l l  n icke l  
specimens o f  v a r i o u s  or ig in .  Screens,  s i e v e  p i a t e s ,  s i n t e r e d  carQy1 
n i c k e l ,  n i c k e l  p l a t e s  f o r  secondary b a t t e r i e s  
p l a t e s  were used,  as wel l  as p r e s i n t e r e d  n i c k e l  powder obtained by 

and " f i b e r  n i c k e l  

* 
E.g. "Clevi te"  porous B i ;  C l e v i t e  Corporation, Cleveland, Ohio, U.S.A. 

Huyck Corpora t ion ;  Milford,  Connecticut,  U.S.A. 
** 
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reduct ion  o f  5 i 0  with H 
s p e c i a l  advaqtages over%i powder e l e c t r o d e s  and are,  at l ea s t  a t  t h e  
present-day p r i ces ,  by f a r  too  expensive t o  b e  used f o r  anything e lse  
b u t  research  purposes. 
' ,The  porous a i r  e l e c t r o d e s  were e i t h e r  of  s i l v e r  o r  copper oxide. 

S i l v e r  e l ec t rodes  were used i n  the  form of  wire screens and/or 

"he commercially a v a i l a b l e  types  have no 

very t h i n  l a y e r s  o f  Ag powder (0.1 mm o r  l e s s ) ,  adhered d i r e c t  t o  the 
e l e c t r o l y t e  surface.  

workers [7], [ lo] ,  i n  connection wi th  work on s o l i d  carbonate  e l ec t ro -  
l y t e  fue l  c e l l s .  I n  our  case, commercially a v a i l a b l e  CuO powder w a s  
s i x e d  with some 10% of Cu powder. Small discsoof  about 1 mm th ickness  
were pressed and subsequently s i n t e r e d  a t  800 C i n  an a i r  atmosphere. 
In  the  f i r s t  feir experiments, t h e  d i s c s  were connected t o  a l l -copper  
cu r ren t  l eads ,  i n  o rde r  t o  make su re  t h a t  t h e  electrochemical  a c t i v i t y  
could be a t t r i b u t e d  s o l e l y  t o  t h e  CUO - Cu20 system. I n  l a te r  tests,  
c u r r e n t  l e a d s  of  s t a i n l e s s  s t e e l  o r  P t  wi res  were connected t o  t h e  CuO 
material, thus  avoiding gradual  ox ida t ion  of t h e  l e a d s  i n  l o n g  run  
experiments. 

The use of  CuO as a i r  e l ec t rode  w a s  r epor t ed  by Justi  and GO- 

Whereas i n  low temperature c e l l s  t h e  i n i t i a l l y  chosen po ros i ty ,  
pore s i z e  d i s t r i b u t i o n  and c l e c t r o - c a t a l y t i c  a c t i v i t y  of the  e l ec t rodes  
I s  of c r u c i a l  importance, a q u i t e  d i f f e r e n t  s i t u a t i o n  e x i s t s  i n  h igh  
temperature cells. S i n t e r i n g  e f f e c t s ,  anodic d i s s o l u t i o n  and ca thodic  
p r e c i p i t a t i o n ,  ar.d both sur face-  and bu lk  oxide formation under varying 
po la r i za t ion  s t rong ly  tend  t o  a l t e r  t h e  i n i t i a l  e l ec t rode  s t r u c t u r e .  . 
Figs.  3a and 3b show n icke l  anode specimens be fo re  and af te r*use  
rgspec t ive ly .  I n i t i s l l y ,  t h e  cornmiercially a v a i l a b l e  m a t e r i a l  had a 
po ros i ty  of 70% and a th i ckness  o f  1.0 mm. Fig. 3a i s  a microphoto o f  
t h i s  mater ie l .  Fig. 3b s imi la rky  shows t h e  same material a f t e r  625 hours 
o f  continuous opera t ion  a t  700 C ,and (nominally) 100 mA/cm2, on an equi- 
l i b r i m  mixture of H2, CO,  H20 and COP. (iil-free p o l a r i z a t i o n  about 
; I I O  my r e l a t i v e  t o  open c i r c u i t . )  

shrinkage o f  about 15$ was observed. 

h igh  temperature c e l l s  on any b a s i s  d i f f e r e n t  from long  term opera t ion  
experience. One might s t a t e  t h a t  t h e  high temperature c e l l  t ends  t o  
seek i t s  own ope ra t ing  l e v e l ,  and no t  t h e  one p r e f e r r e d  by t h e  inves t i -  
g a t o r  on the  b a s i s  of  i n i t i a l  e l ec t rode  s t r u c t u r e s .  

A l s o ,  conclusions about c e l l  performances over pe r iods  of a few 
days have l i t t l e  meaning. Foth ove rop t imis t i c  and ove rpess imis t i c  in- 
p re s s ions  may then r e s u l t .  An example of t h e  l a t t e r  w i l l  b e  shown i n  
Sec. 3, ?ig. 5. 

The thickness had shrunk t o  0.6 mm (40% decrbase) and a l a t e r d  

Zvidently i t  i s  o f  no use  t o  p r e s e l e c t  e l ec t rode  s t r u c t u r e s  f o r  

2.3. Fue ls  

In  rnost of t he  experiments a "standard f u e l "  o f  1 m o l e  of H2 + 
1 nole  of C02 w a s  used. The "standard oxidant" was 2.5 ( v o l e )  a i r  + 
i 
1OC mA/cmC, 10 per  cent  of  t h e  f u e l  and t h e  oxidants  were consumed. 
m e  c e l l s  were operated a t  a tnospher ic  p re s su re -  

(vol . )  CO,. ,The feed  ra t .e  vas  usua l ly  chosen i n  such a way t h a t  a t  

G d  n i c k e l ,  type J.E.G.V. j Mond ?rickel Company, London, 
b g l a n d .  
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The o v e r a l l  ca thodic  and anodic r e a c t i o n s  can be w r i t t e n  a s  

cathode: 2 N + -2 0 + c@- + 2 A e- + 2 ' 2  2 '  

-L 2 $I2 + (1-A) O2 + ( I - A )  C02 +hCO 3 = '  (IC) 

anode : H2 + CO- + A CO = -. 

i (1-A) H2 + ( . l + A )  C02  + A H20 + 2 A e- - equi l ibr ium f u e l  

- . A i s  t h e  conversion degree of t h e  r e a c t a n t s ;  the  composition of 

2 3 

( l a )  

atmospheric .a i r  i s  taken  f o r  convenience as 2 N2 + 4 02. 

Although t h e  1 H 2  + 1 '202 f u e l  i s  n o t  i n  thermodynamic equilibrium 
a t  the i n l e t  of  the c e l l ,  i t ,  turns  out  t h a t  a t  the N i  anode the  equi l i - '  
brium is indeed e s t a b l i s h e d .  In  t h e  f i r s t  place,  the  l e s s  convenient 
t o  handle f u e l  1 CO + 1 H20 y i e l d s  t h e  same open c i r c u i t  p o t e n t i a l  as  
t h e  forme one. Secondly, t h i s  open c i r c u i t  p o t e n t i a l  E i s  v i r t u a l l y  
equal t o  the va lue  c a l c u l a t e d  on t h e  b a s i s  of the e q u i l i b r i m  f u e l  

. . composition and t h e  Nernst  l a w  (decadic  logari thm):  

where p and pc r e f e r  t o  anodic and ca thodic  p a r t i a l  p ressures  respec- 
t ively."  

For A = Ooin eqs. ( I C )  and ( l a ) ,  the  c a l c u l a t e d  E v a l u e s  a r e  
968 mV a t  1000 K and 980 mV at 700°C [ 6 ] .  The observed va lues  a t  700°C 
a r e  between 970 and 985 mV, a p a r t  from i n i t i a l  devia t ions  due t o  %on- 
aged" N i  e lec t rodes .  It w i l l  be shown i n  Sec. 4 t h a t  t h e  s tandard  f u e l  
can be cons idered  a s  be ing  oxid ised  a l ready  f o r  32g with r e g a r d  t o  an 
"optimal f u e l " ,  just  n o t  depos i t ing  carbon a t  1000 K. 

oquil ibr ium i n  that  case is n o t  e s t a b l i s h e d  at the  N i  e l e c t r o d e s ,  bu t  
i n s e r t i o n  o f  a s m a l l  amount o f  commercial ? T i  on N g O  reform c a t a l y s t ,  
i n  the anode space,  is s u f f i c i e n t  t o  y i e l d  equilibrium. 

I n  some o f  t h e  experiments,  CH4 + , C O 2  mixtures were used. Usually, 

3 .  OPERBTING CHARACTERISTICS AND POLARIZATION EFFXTS 
The c e l l s  under  d i s c u s s i o n  were all kept  under a continuous c u r r e n t  dra in  

of 1 0 0  mB/crn2 (whenever p o s s i b l e ) ,  u n l e s s  c u r r e n t  VS. vol tage curves were 
measured. The l a t t e r  measurements were c a r r i e d  out  over time i n t e r v a l s  of  a t  
l e a s t  a ful l  hour, s o  t h a t  a s teady  s t a t e  was always achieved. 

Individual  e l e c t r o d e  p o l a r i z a t i o n s  could be measured with the  a i d  of the  
r e f e r e n c e  e l e c t r o d e ,  u s i n g  a mercury-wetted r e l a y  f o r  fast  (0 2 usec)  Current 
i n t e r r u p t i o n  and a Tektronix type  535A osc i l loscope  t o  measure hi drops and 
potent ia l / t i rne t r a n s i e n t s .  The method i s  e s s e n t i a l l y  similar t o  t h e  one des- 
c r i b e d  by Trachtenberg [ l l ]  and makes use of t h e  "sweep delay" provis ion of 
t h e  C.R.O. time b a s e ,  t o  observe t h e  magnitude o f  t h e  i R  break conveniently 
and q u i t e  sharply.  

t y p i c a l  course of  t h e  e l e c t r o d e  p o t e n t i a l s  has  been p l o t t e d  on a l i n e a r  time 
s c a l e ,  f o r  two d i f f o r e n t  c u r r e n t  d e n s i t i e s  before  in te r rupt ion .  

on a t4 sca le .  The meaning of t h e  p a r t i a l  l i n e a r i t y  of these  p l o t s  w i l l  be 
d iscussed  h e r e a f t e r .  

The p r i n c i p l e  of  t h e  measurement m a y  be  c l e a r  from Fig. 4a, where a 

Fig. 4b shows t h e  corresponding ca thodic  and anodic t r a n s i e n s t  p l o t t e d  
1 
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Fig. 5 shows the  s teady s t a t e  ( i R  f r o e )  po ten t iahs  and t h e  i R  drop, 
a s  func t ions  of t h e  c u r r e n t  dens i ty ,  of a c e l l  a t  740 C with a " f i b e r  
n i c k e l "  mode and a s i l v e r  powder cathode. The x x a o i n t s  r e f e r  t o  t h e  t h i r d  
day of operat ion.  It  i s  seen t h a t  t h e  N i  anode p o t e n t i a l  p o s i t i v a i k s  "dange- 
rously" a t  about 80 mA/cm2, whereas t h e  Ag cathode p o t e n t i a l  v a r i e s  l i n e a r l y  
with t h e  cur ren t .  Also, the  open c i r c u i t  v o l t a  e of the  c e l l ,  1035 mV, is  too 
high,  960 mV being t h e  t r u e  equi l ibr ium value f6]. 

r a t h e r  s t r i k i n g  improvement of t h e  anode, now p o l a r i s i n g  l i n e a r l y  wi th  t h e  
c u r r e n t  up t o  160 rnA/cm2, where t h e  p o l a r i z a t i o n  i s  +lo5 mV*. The Ag cathode 
a l s o  shows some improvernent, t h e  p o l a r i z a t i o n  being -76 mV a t  160 mA/cm2. The 
open c i r c u i t  vo l tage  now shows t h e  proper  va lue ,  960 mV, i n d i c a t i n g  t h a t  t h e  
f u e l  gas a t t a i n s  t r u e  equi l ibr ium at  the  "aged" e lec t rode .  The i R  drop ob-- 
vlously has n o t  changed during the opera t ion  per iod  of 18 days. 

t i o n s  and i R  drop; a t  160 mA/cm2: 

12. drop = 340 mV > anode p o l a r i z a t i o n  = I O 5  mV > cathode p o l a r i z a t i o n  = 76 mir. 

The open c i r c l e  p o i n t s ,  taken a f t e r  18 days of opera t ion ,  r e v e a l  a 

The f i g u r e  c l e a r l y  shows t h e  r e l a t i v e  importance o f  e l e c t r o d e  polar iza-  

Fig. 6a shows similar r e s u l t s  f o r  a c e l l  wi th  a CuO cathode on t h e  27th 
dzy of operat ion at  72OoC. A t  200 mA/cm2: 

iR = 325 mV > an.pol. = 102 mV > cath.po1. = 70 mV. 

Both anodic and ca thodic  p o l a r i z a t i o n s  a r e  l i n e a r  with t h e  c u r r e n t  densi ty .  

t e r i s t i c s  f o r  the same c e l l ,  taken a t  d i f f e r e n t  t i n e s  and f o r  d i f f e r e n t  f u e l  
feeds.  %lo l i n e  27 i n  Fig.  6b corresponds with Fig. 6a. Line 13, on CH4.+ C02, 
i n  the  absence of a reform c a t a l y s t ,  r e v e a l s  t h a t  i n  t h i s  c a s e  no equi l ibr ium 
is e s t a b l i s h e d  a t  t h e  N i  e l e c t r o d e ,  otherwise a much h igher  open c i r c u i t  
p o t e n t i a l  would have been observed (about  1100 mV). Nevertheless ,  upon cur ren t  
d r a i n  a reasocable  performance can be obtained. (Addition o f  a few t e n t h s  o f  
a gram of reform c a t a l y s t  i n  thz  anode space y i e l d s  the c a l c u l a t e d  open c i r -  
c u i t  value and correspondingly improved resd-Ls . )  

The l i n e  28, on pure hydrogen, was taken on the  l a s t  day before  del ibe-  
r a t e  t e r m n a t i o n  of t h e  t e s t  per iod ,  with the main purpose t o  t e s t  t h e  leak- 
t igh tness .  The very h i &  open c i r c u i t  p o t e n t i a l  (1470 mV) shows t h e  absence 
of any s i g n i f i c a n t  leakage a f t e r  4 weeks of  operat ion.  A l s o  t h e  c a p a b i l i t y  
of the CuO cathode t o  d e l i v e r  c u r r e n t  d e n s i t i e s  of  250 mA/cm2 a t  about 90 mV 
p o l a r i z a t l o n  (on a i r  + C02) could be  demonstrated by t h l s  t e s t .  

The use  of t h i n n e r  e l e c t r o l y t e  d i s c s  (9  mm i n  t h e  case  of Fig.  5 and 
6.5 mn a t  rig. 6) y i e l d s  improved performances. The r e s u l t s  shohm i n  Fig. 4a, 
f o r  ins tance ,  rrere obtained with a p a s t e  d i  c of 5 mm thickness.  The terminal 
vo l tage  i n  t h i s  case  i s  695 mV a t  129 mA/cnh and s t i l l  540 mV a t  212 mA/cm2, 
~ l t h  an i R  drop of  282 mV i n  the l a t t e r  case. 

The given examples show t h a t  the  purely r e s i s t i v e  i R  drop i s  always the  
predoEinant term i n  the  t o t a l  v o l t a g e  drop of a c u r r e n t  d e l i v e r i n g  c e l l .  
ITevertheless, t h e  e lec t rode  p o l a r i z a t i o n  i s  by no means n e g l i g i b l e ,  and thero- 
f o r e  i t  1s i n t e r e s t i n g  t o  knok- whether i t  i s  mainly due to  mass t r a n s p o r t  
phenomena or t o  a c t i v a t i o n  c o n t r o l l e d  processes  ( s l o w  e l e c t r o n  t r a n s f e r ,  s lov  
Zdsorption o r  desorpt ion) .  A r a t h e r  ex tens ive  s tudy on t h i s  ques t ion  has  hscn 

Fig. 6b shows a number of terminal  vol tage vs.  cur ren t  d e n s i t y  charac- 

* '  p o l a r i z a t i o n  with r e s p e c t  t o  bpen c i r c u i t  anode p o t e n t i a l .  
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made by the p r e s e n t  au thors ,  b u t  i t s  d e t a i l s  f a l l  beyond the scope o f  t h i s  
a r t i c l e  and w i l l  be presented  elsewhere [12 J . 

Here i t  may be s u f f i c i e n t  t o  n o t e  t h a t  d.c., a.c, a n d  pu lse  methods, 
a p p l i e d  to  both "flat" model e l e c t r o d e s  ( i r .  the  form o f  smooth wires  o r  
s t r i p s )  and porous N i  and Ag e l e c t r o d e s ,  211 p o i n t  t o  mass t r a n s p o r t  con- 
t r o l l e d  p o l a r i z a t i o n  ( a t  l e a s t ,  above 600 C), Closer  study r e v e a l s  t h a t  the 
l i m i t i n g  f a c t o r  i s  t h e  presence of f l u i d  e l e c t r o l y t e  f i lms  on t h e  s u r f a c e  
o f  t h e  e l e c t r o d e s ,  through which the r e a c t a n t  and product gases  have t o  
d i f f u s e .  A t  the  IJi anode, the tqof f -d i f fus iont l  of the  products C02 and/or H2C 
through the  f i l m  i s  r a t e  determining, u n l e s s  the.H2 p a r t i a l  p ressure  beccmes 

(depending on t h e  r e l a t i v e  p a r t i a l  p r e s s u r e s ) ,  is determining. 
Evidence f o r  the d i f f u s i o n  c o n t r o l l e d  c h a r a c t e r  o f  t h e  r m c t i o n s  a t  the 

porous s l e c t r o d e s  i s  shown i n  Fig.  4b and Fig. 7. Though the  p o r o s i t y  o f  thel 
e l e c t r o d e s  is ill def ined ,  t h e i r  p r o p e r t i e s  may b e  approximated mathematic- 
a l l y  by the model of an " i n f i n i t e l y  long" homogeneom transmission l i n e  [ 161. 

of  t h e  porous e l e c t r o d e  i s  small enough a s  t o  y i e l d  an e s s e n t i a l l y  l i n e a r  
r e l a t i o n  between t h e  ins tan taneous  l o c a l  tension and the  corresponding cur ren t  
d e n s i t y ,  a mathematical  a n a l y s i s  of t h e  t ransmission l i n e  model y i e l d s  t h e  
fol lowing r e s u l t s  [ 121 : 

1 )  Steady s t a t e .  I f  t h e  s p e c i f i c  phase boundary r e s i s t a n c e  of  a p lanar  elec- 
t rode  , is  Rb (Q cm2) the  corresponding e f f e c t i v e  r e s i s t a n c e  I+, of a porousi 

electrods! is propor t iona l  t o  1 p b %, where P i s  the  s p e c i f i c  r e s i s t a n c e  

I 

' 

veTy l o w  (Sec. 4).  A t  t h e  Ag cathode the  d i f f u s i o n  of  e i t h e r  O2 o r  C02 : 

Provided t h a t  t h e  p o l a r i z a t i o n  tension a t  any spot  on t h e  phase boundary 

' 

* 

P - 

. of  the e l e c t r o l y t e  f i l m  and b i t s  t h i c h e s s .  

2 )  Al te rna t ing  c u r r e n t  impedance. S imi la r  t o  l ) ,  i f  the phase boundary 
impedance o€ a p l a n a r  e l e c t r o d e  is % = A - j B ,  where A i s  t h e  real and 

B the imaginary component of % and j = Ir- 1 ,  then t h e  ,corresponding 

impedance z 
___ 

of a porous e l e c t r o d e  i s  propor t iona l  t o j j p  B z,,. 
P 

3)  Calvanos ta t ic  t i - a n s i e n t  response.  It i s  well  known t h a t  f o r  a d i f f u s i o n  
c o n t r o l l e d  p r o c e s s  at a planar e lec t rode ,  t h e  overtension v, r e s u l t i n g  
f r o m  a shor t  constant.  c u r r e n t  p u l s e  A i ,  changes proport ional  t o  t h e  square 
r o o t  o f  time: 

For the  t rahsmiss ion  l i n e  model o f  the  porous e lec t rode  the  corresponding 
r e l a t i o n  cah now b e  m i t t e n  as: 

v = const .  a i  Vt. ~ 

- 
v = cons tan t  A i  \:-p-.i ti 

Mow Fig. 4b d e p i c t s  t h e  course of anodic (porous K i )  an&cathodic' 
(porpus Ag) p o l a r i z a t i o n  tens ions  a f t e r  cur ren t  i n t e r r u p t i o n  , a s  function; 
of  tZ. It is seen t h a t  t h e  curves for both 12'3 mA/cm2 (geometr ical  cur ren t  
d e n s i t y )  and 212 mA/crn2 show l i n e a r  p o r t i o n s ,  a s  pred ic ted  by t h e  l a t t e r  
formula. Moreover, t h e  s lopes  of these  l i n e a r  por t ions  a r e  propor t iona l  with 
the  current  d e n s i t y ,  bo th  f o r  the  anodic and ca thodic  Curves. The anodic and I 

+ 
The phase boundary r e s i s t a n c e  i s  def lned  a s  t h e  r a t i o  of p o l a r i z a t i o n  
tens ion  t o  Curren t  dens l ty .  The concept is v a l i d  f o r  s m d l  p o l a r i z a t i o n s  
only ( <  RT/F). 

I n  order  t o  observe t h e  p o l a r i z a t i o n  change accura te ly ,  o s c i l l o s c o p i c  . 
t r a c e s  were p h o t o p a p h e d  over t i n e  i n t e r v a l s  of  10-4, 1O-l and 
1 second. 

+* 
10-3, 
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ca thodic  s lopes  f o r  t h e  same c u r r e n t  dens i ty ,  
seen t h a t  t h e  anodic response i s  considerably 
one. 

1 
however, a r e  d i f f e r e n t .  I t  i s  
more s lugg i sh  than  t h e  cathodic 

The 'dev ia t ing  i n i t i a l  p a r t  of t h e  anodic curves  ( t h e  first 5 m i l l i -  
seconds) i s  probably due t o  t h e  i n t e r f e r e n c e  o f ,  double l a y e r  c a p a c i t y  e f f ec t s .  

Fig.  7 i s  a so-called Argand diagram of t h e  impedance Zp = % - j B 
a , n i c k e l  brush e l ec t rode .  In  t h e  diagram, t h e  real  p a r t  A of  t h e  observe3 

d i f f e r e n t  a.c. f r equenc ie s  between 10 C.P.S. and 50 kc. 

phase boundary impedance % i s  t h e  so-cal led Warburg impedance: 

% = wo w 

and n / 4  = 45' t h e  phase angle  ( a r c  t an  B/A). According t o  2), t h e  correspond- 
i n g  impedance, Zp o f  t he  porous e l ec t rode  should now be  propor t iona l  t o  

exp - j n / 8 .  I n  t h e  Argand diagram o f  t h e  impedance vec to r  end 

po in t s ,  the  l a t t e r  express ion  is  represented by a s t r a i g h t  l i n e  wi th  a s lope  

n/8 = 22$O, and I 2  I:$ = cons tan t .  I t  i s  seen t h a t  t h e  observed impedances 

sa t i . s fy  these demands only approxina te ly ,  wi th  the  greatest dev ia t ion  a t  high 
. f requencies .  When, however, a co r rec t ion  is  made f o r  t h e  in f luence  of  t h e  

double l a y e r  capac i ty  (by s t anda rd  v e c t o r i a l  sub t r ac t ion  methods) t h e  cross- 
p o i n t s  a r e  obtained, which s a t i s f y  t h e  t h e o r e t i c a l  p red ic t ion  very  well .  
S i m i l a r  r e s u l t s  h a w  been obta ined  f o r  porous anodes wi th  l e s s  i d e a l  geometry 
than t h e  brush form o f  t h e  presented example. 

The occurrence of t h e  square roo t  form VP.6- i n  t h e  va r ious  express ions  
f o r  t h e  p o l a r i z a t i o n  impl ies  t h a t  t h e  measured p o l a r i z a t i o n  always inc ludes  
a pu re ly  r e s i s t i v e  con t r ibu t ion  frorn t h e  e l e c t r o l y t e  f i l m .  Moreover, s ince  
t h e  t rue phase boundam r e s i s t a n c e  R b  only appears as i n  t h e  expression 
f o r  t h e  steady s t a t e  p o l a r i z a t i o n  of a porous e l ec t rode ,  t he  l a t t e r  w i l l  be 
r e l a t i v e l y  i n s e n s i t i v e  t o  small v a r i a t i o n s  of Rb, such as Can be  expected 
f o r  sli h t l  non-linear voltage-current r e l a t i o n s .  And f i n a l l y ,  because RT/F 
a t  1000 K has t h e  large va lue  of 07 mV, i t  i s  n o t  very  s u r p r i s i n g  a f t e r  a l l  
t h a t '  t h e  observed s t eady  s t a t e  p o l a r i z a t i o n s  (F igs .  5 and 6 )  a r e  e s s e n t i a l l y  
l i n e a r  with t h e  c u r r e n t  dens i ty .  

of 

I e l e c t r o d e  impedance h a s  been p l o t t e d  aga ins t  t h e  imaginary p a r t  B ,  f o r  

For  a pu re ly  d i f f u s i o n  c o n t r o l l e d  process  a t  a p l ana r  electrocle,  the 

-2- exp - j n / 4 ;  where W i s  a cons tan t ,  w t h e  angular  a.c. freqLency 

-. 

% = 
2 u-4. 

0 \ ' 
P 

\i 

7\ 

6 "  
i 

k 
4. FUZZ AND OXIDAIUT UTILISATION 

3.1. k i d a t i o n  o f  t h e  f u e l  

In  t h e  experiments of Sec. 3, t h e  f u e l  and oxidant u t i l i s a t i o n  was 
of t he  o rde r  of  lo$, a t  about 100 mA/cm2, r e l a t i v e  t o  t h e  feed. Wit'n 
regard  t o  t h e  f u e l ,  t h e  genera l  course of  i t s  oxida t ion  by  GO3= i o n s  
can be  v i s u a l i s e d  conveniently i n  t h e  triangular C-H-0 diagram o f  
Fig.  8 -  

( c f .  r eac t ion  ( l a ) ,  Sec. 2.37 proceeds a long  t h e  s t r a i g h t  l i n e  P - C O j ,  
and would be completed a t  po in t  Pe. Considering P a s  t h e  i n i t i a l  fuel, 
i t s  conversion degree h a t  P i s  zoro,  and A = 1 a t  Pe on t h e  l i n e  H20 - 
CD2. The "optimal fuel", however, which can b e . o x i d i s e d  along t h e  same 
pa th ,  i s  r ep resen ted  by Po on t h e  carbon depos i t i on  boundary (C.D.B.) 
curve [ 6 ] ,  [ 131. A t  IOOOOK and 1 a t n  t o t a l  p re s su re  the  composition of 
E, i s  0.17 C + 0.63 I! + 0.20 0. Is i s  easy t o  show t h a t ,  w i th  r e s p e c t  to 
oxide t ion  by CC3- ions ,  t h e  s tandard  f u e l  P i s  a l ready  ox id i sed  f o r  32% 
when Po i s  taken as t h e  i n i t i a l  fue l .  If A, r e p r e s e n t s  t h e  conversion 
& g e e  of  Po, then  A. = 0.32 + G.68 A (  h = conversion degree of P ) .  

The "s tandard  fue l"  1 H + 1 GO2 i s  r ep resen ted  by P. Its oxida t ion  
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It i s  p o s s i b l e  t o  c a l c u l a t e  the  t h e o r e t i c a l  (Nernst) mIF f o r  m y  
value.  of A or b, by means of equation ( 2 ) ;  Sec. 2.3 when the  equi l i -  
brium compositions o f  -the C-H-0 gas  phase on the  !+ne Po - Pe a r e  known. 
The author  (Broers )  has  found a simple method 114j t o  c a l c u l a t e  curves 
of constant  CH4 p a r t i a l  p ressure  (Fig.  8) and curves of cons tan t  D*p 
(Fig.  9 )  i n  the triangular diagram, SO t h a t  t h e  t h e o r e t i c a l  ENF values  
f o r  d i f f e r e n t  p o i n t s  on the  l i n e  Po - Pe can be read  d i r e c t l y  from it .  

i n t e r e s t ,  p4CH4) i s  r a t h e r  low, s o  t h a t  i n  good approximation only the.  
e q u i l  ibriurn: 

The CH l t i sobars"  of  Fig.  8 show t h a t  a t  1000°K, i n  the  range  of 

Ii2 + C02 i; H20 + CO 
, 

' needsto be considered. This  makes c a l c u l a t i o n s  of t h e  equi l ibr ium com- . 
p o s i t i o n s  along t h e  p a t h  Po - Pe f a i r l y  simple. 

Fig. 9. The curves i n  t h i s  f i g u r e  permit a d i r e c t  reading of t h e  "excess 
EMF", AE ( i n  m i l l i v o l t s )  , which has  t o  be added t o  Eo(H2), cf .  equation 

cont r ibu t ion  i n  ( 2 )  can of course be c a l c u l a t e d  s t r a i g h t  forwardly.  

A = .O t o  A = 1 ,  i s  shown i n  Fig.  11 ,  upper curve. The cathodic  p a r t i a l  
p ressures  pC(O2) and pc(C02) a r e  kept cons tan t  (0.14 atm and 0.28 atm 
r e s p e c t i v e l y ) ,  i n  agreement with t h e  experimental  set-up t o  be descr ibed.  

Now the course of t h e  p r a c t i c a l  c e l l  terminal  vo l tage  as a funct ion 
o f  A was determined as follows. Suppose we have a b a t t e r y  of n c e l l s ,  o f  - 

b a t t e r y  i n  s e r i e s  flow. Then each c e l l  converts  a f r a c t i o n  A A  of t h e  
fue l ,  a t  equal c u r r e n t  dens i ty .  When t h e  c u r r e n t  i s  i, and t h e  feed  r a t e  
o f  t h e  combustible p a r t  of the  f u e l  mixture i s  equiva len t  t o  n i, 
A), = l/n. The o v e r a l l  conversion degree a t  the  entrance of c e l l  k w i l l  
b e  A = ( k  - l ) /n ,  and a t  i t s  e x i t  A = k/n. Thus, i n  p r i n c i p l e  t h e  con- 
vers ion would be complete a t  t h e  e x i t  of c e l l  n. In  p r a c t i c e  t h i s  cannot 
be  r e a l i s e d ,  s i n c e  progress ive  f u e l  deple t ion  .and product accumulation 
tendto increase  t h e  (mass t r a n s f e r  c o n t r o l l e d )  p o l a r i z a t i o n , '  s o  t h a t  i n  
some given c e l l  o f  t h e  - b a t t e r y  tlie a c t u a l  c u r r e n t  dens i ty  becomes 3 s  
l i m i t i n g  one. 

c a r r i e d  out  with a s i n g l e  c e l l  a t  72OoC,  -by means of a s imula tor  tech- 
nique represented  i n  Fig.  10. When t h e  s tandard  fuel has been oxidised 
t o  a degree A , r e a c t i o n  ( l a ) ,  Sec. 2.3 has  occurred. - 

I n  order  to  r e a l i s e  t h i s  r e a c t i o n ,  the  necessary amom't of "CCJ- 
ions"  was suppl ied  t o  t h e  f u e l  i n  t h e  form of  gaseous 02 and C02 ( i n  t h e  
proper  r a t i o ) ,  s o  t h a t  the.  l a t t e r  gases  r e a c t e d  d i r e c t l y  i n  t h e  h o t  part ,  
o f  the  anode tube with t h e  incoming f u e l ,  before  reaching the  ele,ctrode. 

The supposed number of c e l l s  n w a s  chosen as 10. A t  a c e l l  cur ren t  
i the H2 feed was evolved e l e c t r o l y t i c a l l y  a t  a c u r r e n t  10 i, and the  
a d d i t i o n a l  equal C02 f e e d  (02  f r e e )  by accura te  flow meter adjustment.. 
02  simultaneously was evolved and suppl ied e l e c t r o l y t i c a l l y  a t  a cur ren t  
10 h i ,  ,and mixed wi th  an equiva len t  flow of 10 A i  C02 ( t h e  double amount 
o f  CO2 s g a i n s t  02 when expressed i n  moles/second). Thus the  conversion 

A s t i l l  more convenient method involves  t h e  use of the  diagram of 

( 2 ) ,  t o  ob ta in  t h e  E value wi th  regard  t o  anodic gases.  The cathodic  i 
I The course of  the  t h e o r e t i c a l  EMF along t h e  pa th  P - Pe, i.'e. 

equal sur face  a rea ,  connected i n  s e r i e s .  The f u e l  is passed through t h i s  I I 

Since no p r a c t i c a l  b a t t e r y  w a s  a v a i l a b l e ,  r e l e v a n t  experiments were 

J 

* 
Compare Fig. 2,  O2 + C 0 2  e n t e r i n g  through a u x i l i a r y  i n l e t .  
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of the f u e l - c p u l d  be ad jus ted  q u i t e  accura te ly ,  by ammeter readings .  
The oxidant flow r a t e  w a s  held cons tan t ,  .a t  a l a r g e  excess ,  i n  order  
t o  keep t h e  cathode p o t e n t i a l  constant .  

The r e s u l t s ,  a t  cur ren t  d e n s i t i e s  of 62 mA/cm2 and 125 mA/cm2 a r e  
shown i n  Fig. 11. Since A A  = 0.1 and e.g., .at  t h e  entrance o f  c e l l  no. 
4, A = 0.3, the  vol tage reading o f  c e l l  4 has  been p l o t t e d  a t  A = 0.35. 
The ac tua l  vo l tages  observed ( f u l l  curves)  have a l s o  been cor rec ted  
f o r  i R  drop, x i e l d i n g  the  dashed curves.  It i s  seen t h a t :  

1 .  A t  125 mA/cm2 about 70% of  the  s tandard  f u e l  ( P  m Fig. 8) can be 
u t i l i s e d ,  or about 80% of t h e  corresponding optimal f u e l  (Po i n  
Fig.  8; a x i s  i n  Fig.  11 ) .  The p a r t i a l  p ressure  o f  t h e  remaining 
f u e l  a t  A = 0.7 i s  0.11 atm. 

2 .  A t  62  mA/cm2, 90% of t h e  s tandard  f u e l ,  or 93% of t h e  optimal f u e l  
can be u t i l i s e d .  The p a r t i a l  p ressure  o f  the  r e m a m u g  f u e l  a t  
A =  0.9 i s  0.034 atm. 

3. The d i f f e r e n c e  between t h e  t h e o r e t i c a l  E curve and the  dashed curves,  
t h a t  i s  the  p o l a r i z a t i o n ,  appears t o  decrease with i n c r e a s i n g  f u e l  
conversion, till c l o s e  t o  t h e  p o i n t  where t h e  cur ren t  d e n s i t y  be- 
comes t h e  l i m i t i n g  one. 

This r a t h e r  s u r p r i s i n g  phenomenon may be explained by t h e  already 
known f a c t  t h a t  n o t  the  f u e l ,  bu t  t h e  products  C02 and E20 a r e  r a t e  
c o n t r o l l i n g  (Sec. 3 ) ,  and t h z t t h e  o v e r a l l  r a t e  o f  gas f l o w  increases  
with increas ing  conversion (equat ion l a ) .  Probably the e f f e c t  o f  the  
increas ing  C02 and H20 p a r t i a l  p ressures  is  counteracted SO much by the 
increas ing  flow r a t e ,  t h a t  t h e  o v e r a l l  e f f e c t  i s  i n  favour  of a polar iza-  
t i o n  decrease. But f i n a l l y  the  mass t r a n s p o r t  of t h e  H2 + CO f u e l ,  now 
at  r a t h e r  low p a r t i a l  p ressure ,  t akes  over the r o l e  of the r e a c t i o n  
products,  and t o t a l  deple t ion  a t  t h e  e lec t rode  sur face  starts very soon 
t h e r e a f t e r .  

These observat ions c l e a r l y  show t h a t  t h e  a t t a i n a b l e  f u e l  u t i l i s a -  
t i o n  i s  a pronounced funct ion of the  cur ren t  densi ty .  I n  order  t o  u3e 
the  g r e a t e s t  p o s s i b l e  f r a c t i o n  of the f u e l  feed ,  the  c u r r e n t  d e n s i t y  i n  
the  " l a s t  c e l l s "  of the b a t t e r y  has  t o  be decreased by i n c r e a s i n g  t h e i r  
sur face  area.  P r a c t i c a l l y ,  t h i s  becomes a matter  of opt imising t h e  in-  
c reas ing  icvestment c o s t s  aga ins t  t h e  decreasing f u e l  costs .  I n  t h i s  
sense,  the p o s s i b i l i t y  of 90% f u e l  u t i l i s a t i o n  a t  ( a t  l e a s t )  about 
60 &/cia2 seems a r a t h e r  encouraging r e s u l t .  

** 
4.2. U t i l i s a t i o n  o f  O 2 S 2  

. The conversion a t  t h e  cathode i s  given by equat ion ( l c ) ,  Sec. 2.3. 
The experimsntal  measurement o f  t h e  terminal  vol tage a s  a funct ion 

of h i n  an imaginary 10 c e l l  s e r i e s  b a t t e r y  was c a r r i e d  out as  follows: 
1. a c e s s  f u e l  ( 1  112 + 1 COz) was used a t  t h e  anode (about 10% conver- 

s i o n ) .  

w a s  l e d  i n t o  t h e  cathode space of the  c e l l ,  toge ther  with:  

i n  volurne/sec. 

r a t e  f o r  = C. 

2. A t  c e l l  c u r r c n t  1, an e l e c t r o l y t i c a l l y  generated 02 feed,  10 ( 1 - A )  i ,  

3. A C02 feed  ( 0 2  f r e e )  of 10 ( 1 - A )  i, t h a t  i s  twice the  0 2  flow r a t a  

4. A N 2  feed  ( 0 2  f r e e )  h e l d  cons tan t  a t  4 t imes t h e  oxygPn volume flow 

-~ 

* A l s o  t o  A va lues  n o t  corresponding with i n t e g r a l  c e l l  numbers. 
** 

The experiments descr ibed here  and i n  Sec. 4.1 were c a r r i e d  o u t  wi t : ]  
one c e l l ,  with a Ag powder cathode and a " f i b e r  n icke l"  anode. The 
measurements l a s t e d  17 days i n  a l l .  
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The t h e o r e t i c a l  vol tage a s  a funct ion of  h wa6: computed e a s i l y  
from the Nernst Law (equat ion ( 2 ) ,  S e ~ . ~ 2 . 3 ) ,  u s i n g  ( I C )  t o  c a l c u l a t e  
pc(02) and pc(C02). The r e s u l t  a t  720 C ,  a r e  shown i n  Fig. 12,  f o r  
cu r ren t  d e n s i t i e s  o f  125 mA/Cm"and 62 mA/cm2. The dashed curves re-  
present  t h e  i R  f r e e  voltages.  I t  i s  seen t h a t :  
1. A t  125 mA/cm2, about 85% of  the  "oxidant" & 02 + CO;! can be u t i l i s e d .  

A t  t h i s  conversion, the  remaining p a r t i a l  p re s su res  a re :  
p(02) = 0.034 atm; p(C02) = 0.067 atm. 

2. S imi l a r ly  a t  62 mA/cm2, about 95% u t i l i s a t i o n  i s  possi l j le ;  
p(02) = 0.012 atm; p(C02) = 0.024 atm. 

3. By maintaining a s l i g h t  excess of 02 a t  $25 mA/cm, , corresponding 
with h (02)  = 0.80, and s tudying t h e  e f f e c t  of h(C02) 10.80 s o l e l y ,  
the do t t ed  curve was found. Thus with r ega rd  t o  C02 conversion, 
about 90% can be u t i l i s e d  a t  125 mA/cm2. 

t h i s  value,  about 93% 02 u t i l i s a t i o n  could be reached. It seems 
the re fo re  t h a t  i n  f a c t  C02 i s  l i m i t i n g  when the  s to i ch iomet r i ca l  
02/C02 r a t i o  is used, but  t h e  match is  r a t h e r  close and may f a l l  
within t h e  accuracy of the  C02 flow meter c a l i b r a t i o n .  

5 .  In c o n t r a s t  with Fig. 11,  i nc reas ing  conversion now b r ings  about 
s l i g h t l y  i n c r e a s i n g  p o l a r i z a t i o n ,  up till h 0.75. Since t h e  overa l l  
f l o w  r a t e  i n  t h i s  cathodic  case decreases  with inc reas ing  A , ' t h i s  
is the r e s u l t  t o  be expected. Nevertheless ,  t h e  p o l a r i z a t i o n  increase 
i s  enjoyably small .  

2 

4. Conversely, by keeping h(CO?),at  0.80 and inc reas ing  h(02) beyond 

. From a pure ly  t h e o r e t i c a l  s tandpoint ,  t h e  m a x i m u m  p o s s i b l e  02 de- 
p l e t i o n  from t h e  a i r  f eed  i s  n o t  very important,  though a g r e a t  excess 
o f  a i r  i s  d e f i n i t e l y  unwanted i n  connection with t h e  h e a t  balance o f  a 
b a t t e r y  system. 

t h e  (assumedly) complete combustion of a hydrocarbon CnH2n+2- 
The ove rd l l  anode r e a c t i o n  is: 

. 

A q u i t e  d i f f e r e n t  s i t u a t i o n  p e r t a i n s  t o  C02 deplet ion.  Considor 

CnHh+* + ( 3 n + 1 )  C 0 3 = - ( 4 n + l )  C02 + ( n + l )  H20 + ( 6 n +  2) e- (3)  

Now the ox ida t ion  products a r e  t o  be recycled t o  the  cathode, and nixed 
with a i r  i n  such an amount t h a t  a t  l e a s t  ( 3 n +  1 )  C03= can be formed and 
a lso  u t i l i s e d .  S ince  (4n + 1 )  C02 i s  a v a i l a b l e ,  i ts conversion degree 
should be at  l e a s t :  

Thus the  c a t h o d i c  conversion degree of C02 should be b e t t e r  than 80% 
f o r  methane f u e l ,  and still  b e t t e r  than 75% f o r  h ighe r  hydrocarbons 
( n  >> 1 ) .  The experiments depicted i n  Fig. 12 show t h a t  conversion 
degrees of t h i s  magnitude can indeed be a t t a i n e d  at  c u r r e n t  d e n s i t i e s  
up t o  125 mA/cm2. 

To t h e  knowledge of t h e  au tho r s ,  experiments of t h e  kind discussed 
he re  have no t  been r epor t ed  e a r l i e r .  Only Chambers and Tantram [I51 
repor t ed  d a t a  on A2 conversion percentages,  but  d i d  n e i t h e r  spec i fy  the  
cu r ren t  d e n s i t y  nor the  a c t u a l  terminal  vo l t ages  observed. 
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LOTU'G RUN TXPSRIMZNTS AT CONSTANT CURRZNT DENSITY (100 mA/cm21 

.:'In ea.rl'ie.r.wprk .[.$, ..[ 61 ,' it was n o t  p p s s i b l e  to ,  draw: qurrent :  d e n s i t i e s  
Of  t h e ,  orcler, 100 mA/cmL,,.for more. than  about ..1 ..week. Improvement of the,  e lec t ro-  
l y t e  - p a s t e  p r o p e r t i e s  e l iminated t h e  i n s t a b i l i t y '  e f f e c t s  at  c u r r e n t  den ' s i t i es  
3 : 2 5  mA/cn2 v i r t u a l l y  c,ompletely, so . t h a t  a,. Long run t e s t  a t  ,190 mA/cm2 could 
be cacr,ied.,out on a p a i r  of small ''twin . c e l l s "  0.f 1 ,c,m2.'surface area each. 

t o  t h e i r  feed r a t e s .  Both c e l l s  had "reinforced! '  .Clev i te  porous' n i c k e l .  anodes 
( i n i t i a l l y ,  70% p o r o s i t y ) ,  which were used ,without any pretreatment.  The 
cathodes'  were  s l l v e r  ' screens (0 .5 m m  "wires with -equal ly  l a r g e  spac ings)  ; c e l l s  
construcctec,  a s '  shown in. Fig: 1.L.' ' ' 

Fig.  13, upper s e c t i o n ,  shows the  ' r e s u l t s  over' a 4600 hours  per iod '  ( a f t e r  
which the me-asurements were terminated d e l i b e r a t e l y ) ,  i n  terms .of 1. terminal  
vol tages , ,  2. i R  f r e e  v o l t a e e s , ' 3 .  open c i r c u i t  vol tages .  T h e ' l a t t e r  were ob- 

It i s  seen tha t :  
1. The performances run r a t h e r  s i m i l a r l y ,  the  terminal  v o l t a g e s  decreas ing  

slowly from about 750 mV i n i t i a l l y  down t o  470 mV a t  4600 hours. 
2. The i R  f r e e  vol tages  become p r a c t i c a l l y  constant  a f t e r  2-e- months,, s o  that 

the e lec t rode  p o l a r i z a t i o n s  a l s o  become constant  a f t e r  t h a t  period. The . 
catho-dic polar i , za t ions  ( n p t  shown s e p a r a t e l y  from t h e  anodic.  ones). s t a b i l i s e  

' , . .  . . , I . . : : ,  . i ,*:<,. . . . 

, ..-St,andard .fuel and oxidant  were, used at  7OO0C,  . ,with .IO$ conversion r e l a t l v e  

. 

served only o'ccasionally;  s e e  ,points  i ,ndicated.  . .  

. to. .about p. my, the  anodic ones t o  about 150 mV. .. 
. 3 . . I n i t i a l l y  there  i s  an, increase  i n - p o l a r i z a t i o n ,  which has  t o  be ascr ibed  t o  

a l t e r a t i o n s  of : the porous N i  anodes. ( S i n t e r i n g  e f f e c t s ,  compare Figs.  3a- 
3b, Sec. 2.2). With r e s p e c t  t8  t h e s e  a l t e r a t i o n s ,  "ageing" o f  t h e  e lec t rodes  
by a hea t  pretreatment  a t  800 C ,  i n  reducing atmosphere, i s  r a t h e r  favou- 
able .  

4. The open c i r c u i t  vo l tages  ( i n i t i a l l y  too high)  a t t a i n  t h e  c a l c u l a t e d  value 
980 mV within about 2 xeeks, up till the  end o f  t h e  t e s t .  This i n d i c a t e s  
t h a t  the  c e l l s  were s t i l l  g a s t i g h t  a f t e r  6 months. 

- 

Analysis  of  the e l e c t r o l y t e  p e l l e t s  revealed t h a t  about 50 mole $ of  the 
i n i t i a l  carbonate conten t  was l o s t  a f t e r  t h e  6 months period. In  Fig. 13, 
lower s e c t i o n ,  the  conduct iv i ty  o f  c e l l  3 ( c e l l  2 g ives  s i m i l a r  r e s u l t s )  has  
been p l o t t e d  a s  a func t ion  of the  o p e r a t i n g  time. It i s  seen t h a t ,  roughly 
speaking, the  decrease of t h e  conduct iv i ty  i s  propor t iona l  with time, and t h a t  
from 500 t o  4500 hours a 50% decrease has  occurred. This sugges ts  t h a t  t h e  only 
cause of t h e  performance decrease,  a f t e r  t h e  " s t a b i l i s i n g  per iod" of t h e  anode, 
i s  due t o  s l o w  vapor i sa t ion  of the carbonate  melt. 

vapor i sa t ion .  In  the condi t ions  o f  t h e  experiment, however, c reeping  of  the  
Li-Ba-I: carbonate melt comes t o  a s t o p  a t  t h e  cold p a r t s  of t h e  alumina tubes,  
within one o r  two days. Moreover, i t  i s  very unl ike ly  t h a t  l o s s e s  through 
creepage would a l t e r  t h e  r a t i o  of L i  t o  Na t o  K. 

t h a t  t h e  mentioned r a t i o  had changed considerably.  I n i t i a l l y  t h e  a l k a l i  atom 
f r a c t i o n s  were I 0.37 L i ,  0.39 Na, 0.24 K, 
whereas a f t e r  6 months they were : 0.47 L i ,  0.36 Na, 0.17 K. 

Thus the  r a t e  of K evaporat ion i s  t h e  l a r g e s t ,  t h a t  o f  L i  the  smal les t  
one. Though the r e l a t i v e  order  of a l k a l i  carbonate s t a b i l i t y  is j u s t  t h e  reverse  
with regard  t o  C02 vapour pressure  
present  experiments a r e l a t i v e l y  l a r g e  C02 p a r t i a l  p ressure  was maintained 611 
the  t i m e  on both s i d e s  of the e l e c t r o l y t e  p e l l e t .  
( A  blank experiment with a l i q u i d  Li-Na-K carbonate mixture under C02 of 1 atm 
a t  7C0°C, us ing  a "cold f inger"  to  condense the vapours,  y i e l d e d  q u a l i t a t i v e l y  
s i m i l a r  r e s u l t s .  I t  took severa l  weeks t o  c o l l e c t  a small q u a n t i t y  of condensed 
vapour. ) 

In  p r i n c i p l e ,  carbonate  l o s s e s  may occur by "creeping" 'as  well as by 

me chemical a n a l y s i s  of the  used e l e c t r o l y t e  p e l l e t s ,  however, proved 

[l 3, it should be kept  i n  mind t h a t  i n  the  

5.  

1 

h 
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3n t h e  b a s i s  of t h e  t o t a l  amount of f u e l  and oxidant gases  passed over 
t h e  e l e c t r o l y t e  p e l l e t s  i n  t h e  test per iod,  it can be c a l c u l a t e d  t h a t  1 mole 
of COj was l o s t  p e r  ( a b o u t )  105 moles of f u e l ,  a i r  and COP. Thus the  vaporisa- 
t i o n  r a t e  i s  q u i t e  small. 

melt i n  very s m a l l  q u a n t i t i e e  would r e s u l t  in a p r a c t i c a l l y  constant  perfor-  
mance over a pe r iod  o f  s e v e r a l  t imes the  one observed h e r e ,  t h a t  i s  i n  t h e  
ordor o f  a t  l e a s t  a few years .  

a t t a i n a b l e  gas  u t i l i s a t i o n  and l i f e  of the  e s s e n t i a l  c e l l  components, t h e  
p rospec t s  of the  high temperature  fused carbonate  c e l l  a r e  far more favour- 
ab le  than thought h i t h e r t o .  

b a t t e r i e s  i s  t e c h n i c a l l y ,  and if so,  a l s o  economically f e a s i b l e .  The authors  
f u l l y  apprec i a t e  t h a t  t h i s  s t i l l  a l ong  wqy t o  go. 

Th i s  i n  t u r n  w o u l d  mean t h a t  a (more or l e s e )  continuous supply o f  f resh 

I n  conclusion, I t  ma,y be s t a t e d  t h a t  with sega rd  t o  power output ,  

Only work on a l a r g e r  s c a l e  can' show whether t h e  cons t ruc t ion  of  
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fuel in----! ;,.-,.flue gas out 
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A12 03 pressing tube 

reference PI wire 
film bridge t o  pastel 
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+ 

-2 S i m p l i f i e d  v e r s i o n  
of t h e  c e l l  cf. Fig.1. 

E l e c t r o l y t i c  b r i d g e  from 
r e f e r e n c e  wire  t o  p a s t e  disc 
f ormet? spontaneous lg  by Cree-. 
p i n g  of t h e  molten sal t .  .. 

Fig .3a  Porous N i  e l e c t r o d e  
(Mond Nickel '  Co . ) b e f o r e  use. 
Magni f ica t ion  125x ,be fo re  f i n a l  
$ rep roduc t ion .  

Fig.3b The same m a t e r i a l  
a f t e r  625 hours  of cont inuous  
anodic  o p e r a t i o n  a t  100 mA/cm: 
700 ' C  . 
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Fig. 4a. 
Determination o f  i R  
drop and e l e c t r o d e  Fola- 
r i z a t i o n  by means of 
fast  c u r r e n t  i n t e r r u p t i o n  
( ( 2  p s e c  1. 
Linea r  t ime s c a l e .  

Fig.4b. 

Cathodic and anod ic  po- 
t e n t i a l  t r a n s i e n t s  c f .  
Fig.42, bu t  p l o t t e d  on 
a tT time s c a l e .  

1 

Ag cathode 
0-0- 

L /==-.ao 

20% 02 conversion 
1 +200 - p w - o - -  
I 

Fig.5. Sieady s t a t e  (iR f r e e )  p o t e n t i a l s  and i R  drop of  a cell 
cf. Fig.2,  a s  functions of t h e  c u r r e n t  density. Cathode : 
Ag - powder,  anode : " f i b e r  n i c k e l t t .  x-x-x : 3rd day o f  oper-  
a t i o n ;  0-0-0-0 :18th day of ope ra t ion .  
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Fir.65, Terminal v o l t a r e  vs. c u r r e n t  densit:r c h a r a c t e r i s t i c s  
of t h e  c e l l  cf. FiT.Ga, over  a 4 wee,.: pe r iod .  
No i R  drop c o r r e c t  i o n s ,  ex'eyt upper curve (dashed) .  

Fip;.7. A.C.impedance v e c t o r  diacram (Argand diagram) o f  a 
n i c k e l  brush e l e c t r o d e , s i m u l a t i n g  an i d e a l l y  homoporous 
system. 0-0-0 : p o i n t s  observed; x-x-x : impedances 
c o r r e c t e d  f o r  i n f l u e n c e  of double l a y e r  capac i ty .  
Drawn s t r a i g h t  l i n e  : t h e o r e t i c a l  p r e d i c t i o n  f o r  pure  
d i f f u s i o n  control; 22+*slope, lZl a f ' / o -  cons t an t .  
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H 

Fig.2. C-H-0 t r i a n g u l a r  d i a g r m , r e p r e s e n t i n G  a t  1000°K and 
1 atm : 1) Carbon d e p o s i t i o n  boundary (CDB) ; 
2)  Equi l ibr ium p a r t i a l  p r e s s u r e  " i s o b a r s "  of CH (dashed) ; 
3 )  Oxidat ion p a t h  PPe of t h e  s tandard  f u e l  P , 'reacting 

1 .  with C O T  i o n s  ; 4) Optimal f u e l  composition Po t h a t  may 
\\ be oxid ised  alone: t h e  same path. 

P corresponds with 32% o x i d a t i o n  of Po 

I 

Cdb curve md aopothlld curve 
AE.carutont 01 mQK.latm 

> 
\ W0n.n arbant* c d  

Fig.9. C-H-0 aiaqrarn w i t h  CDE and curves  o f  c o n s t a n t  EMF with 
regard  t o  f u e l  cornposi t ion,for  molten carbonate  c e l l s  a t  
1000'K , 1 s t m .  

c f .  Eq.(2). 
a a E ( a n c d i c )  can be r e a d  d i r e c t l y  from t h e  diagram,in mV. 

' E ( c e l l ) =  Eo(H2)+ AE(anodic)+ bE( ca th .  ) ; 
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_-__ Fir.10. D e t e m i n a t i o n  of f u e l  utilj z a t i o n  i n  an imocinary 
10 c e l l  s e r i e s  b a t t e r y , b y  means o f  a s i n s l e  c e l l .  
El :E2 e l e c t r o l y z e r ;  E2: O2 e l e c t r o l y z e r ;  F and F2: 
c02 f lowmeters  wi th  r ecy la t inm v a l v e s  R1 and R2 ; 

1 

G : Talvanos ta t .  C e l l  cf. Fig.2.  I 
I 

H 2 * C 0 2 + A C O 3 ' 4 ( 1 - A l  H 2 + ( l + A I C O 2 * A  H 2 0  
entrance n r  1 A x 0  , n r 2  A . 0 1 .  e t c  

I '  I I 
1. 

2 1 3  i 4 j 5 j 6 1 7 i 8 j 9 1 1 0 I m V  
I I I I I I I .--- I 

mV 
.I^^ 

l u u u d  .Theoretical E (1000. K I  
t lUUU 

6001 e 

'"I 
o ai 0.2 0.3 0.4 . 3 A 0.6 0.7 0.8 0.9 1 

I1 

1, 

032 01 0.5 a6 --x,a7 OB 09 1 

R e s u l t s  o f  f u e l  u t i l i z a t i o n  experiments  a t  62 mA/cma 
and 125 r A / c m l .  X i s  t h e  conversion degree  r e l a t i v e  
t o  p o i n t  P i n  Fig.8, h e s i m i l a r l y  t o  p o i n t  Po i n  Fig.8. 
Anode: " f i b e r  n i c k e l " ,  cathode:  Ag sc reen .  T=720°C. 
T h e o r e t i c a l  E based upon equ i l ib r ium composi t ion of  
t h e  f u e l  mix tu re ;  der ived  from Fig.9 and EqS.(lc)& ( 2 ) .  

Fig.11. 
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2 N2+402 *C02 +2  Ae--2 N2 + (1-A)02 +(l -A 1 C02+  A CO; 

n r l  A.0 nr2 As01 . e t c  (at e n t r o n c e )  
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mV 1 ~ 2 ( 3 [ 4 1 5 ( 6 1 7 ~ 8 ( 9 ~ 1 0  m V '  
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Fig.12. R e s u l t s  o f  oxidant  u t i l i z a t i o n  experiments.  
P o i n t s  i n d i c a t e d :  equal  conversion degrees  o f  O2 and Co2. 
Dot c u r v e : X ( 0 2 )  h e l d  a t  0.8 ,x(cO ),0.8 . 
( S i m i l a r l y  f o r  t h e  t h e o r e t i c a l  E cugve.) 

' "1 300 
Febr 2a  

open 
circuit  

iR f r e e  
voltage 

terminol 
voltage 

Seot .6 I 

May 1 June 1 July I August 1 
0 500 1000 . 1500 2000 2500 3000 3500 4000 4500 hours 

500 2500 -c time(hours) 4000 

Fig.13. Lon? run +6 months) output  v o l t a g e s  of twin  c e l l s  
2 (x-x-x) and 3 (0-0-0) a t  7QO"C and 100 mA/crn:continu- 
ous ly .  Fue l :  1H + 1 CO , 10% conversion;  ox idant :  
2.5 a i r  +'1 GO ,210$ con4ersion.  Anode: "Clevite 
n i c k e l " ;  cathoge:  A T  screen.  
Lower s e c t i o n :  dec-ease o f  c e l l  conductance i n  t h e  same 
per iod .  
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! 
HYDROCARBON-AIR FUEL C E L L S  EMPLOYING SLURRIED MOLTEN 

\ 

CARBONATE ELECTROLYTES 1 
I s a a c  T r a c h t e n b e r g  

T e x a s  I n s t r u m e n t s  Inco rpora t ed ,  P. 0. Box 5936 
Da l l a s ,  T e x a s  75222 

F u e l  c e l l s  employing m i x t u r e s  of m o l t e n  a lka l i  c a r b o n a t e s  a s  t he  e l ec t ro ly t e  have  bee? 
d e s c r i b e d .  
c e r a m i c  i m p r e g n a t e d  wi th  the  e l ec t ro ly t e ,  a p a s t e  m a t r ~ x ~ - ~  cons is t ing  of 
a m i x t u r e  of f ine  c e r a m i c  p a r t i c l e s  and  the  e l ec t ro ly t e  tha t  i s  p r e f o r m e d ,  and a f r e e  
e l ec t ro ly t e7 '  In the  f i r s t  two groups ,  t h e  c e r a m i c - e l e c t r o l y t e  body 
is the  s t r u c t u r a l  m e m b e r  a n d  s u p p o r t s  not only i t se l f  but a l so  the  e l ec t rodes .  In the 
i r e e  e l ec t ro ly t e  c e l l s ,  the  e l e c t r o d e s  a r e  t h e  s t r u c t u r a l  m e m b e r s  and  m u s t  to a g rea t  
ex ten t  conta in  the  v e r y  d i f f icu l t  t o  handle  e l ec t ro ly t e .  
d e s c r i b e d  h e r e  t a k e s  advan tage  of the  b e s t  of the  c e l l s  men t ioned  above. T h e r e  i s  no 
n e e d  f o r  a p r e - s i n t e r e d  or  p r e f o r m e d  c e r a m i c - e l e c t r o l y t e  body. T h e  e l e c t r o d e s  a r e  
the  s t r u c t u r a l  m e m b e r s .  
t a in  the  e l ec t ro ly t e .  
s t r e n g t h .  

T h e s e  c e l l s  c a n  b e  d iv ided  in to  t h r e e  groups: t hose  that employ a fixed 

with no m a t r i x .  

T h e  s l u r r i e d  e l ec t ro ly t e  ce l l  ' 

T h e  c e r a m i c  p a r t i c l e s  s e r v e  as  a s e p a r a t o r  and he lp  con- 
T h e  e l e c t r o l y t e - c e r a m i c  s l u r r y  h a s  no r e q u i r e m e n t  f o r  structui-91 

/i C e l l  Desc r ip t ion  

F i g u r e  1 i s  a photograph of a n  a c t u a l  t e s t  c e l l  b e f o r e  opera t ion .  
two c e l l s  connec ted  e l e c t r i c a l l y  i n  p a r a l l e l  and  is r e f e r r e d  t o  a s  a 1 x 2 unit. 
g a s  supply  flows be tween  t h e  two anodes .  
wh ich  conta ins  t h e  ca thode  g a s  supply.  
and  the  anodes  t o  the  r e a r  plenum. 
b a r ,  and  c e l l  vo l tage  i s  m e a s u r e d  between t h e  l e a d s  coming f.rom the  top  of t he  front 
and  r e a r  plenums.  
c e r a m i c  e l ec t ro ly t e  reservoir cup. 
s u c h  e l e c t r o d e s  i n  p a r a l l e l ,  t h e r e  i s  a to ta l  g e o m e t r i c  e l e c t r o d e  a r e a  of 8 sq. i n . ,  or  
51.  6 sq. c m ,  of e a c h  e l e c t r o d e  (anode  and ca thode)  in  t h e s e  units.  

T h i s  unit  cons i s t s  o f -  
The fue l  

T h e  ca thodes  a r e  connec ted  to  the  f ron t  plenum 
T h e  unit  i s  p l aced  in  a fu rnace  c h a m b e r  

. , 
T h e  fue l  g a s  plumbing i s  u s e d  f o r  the c u r r e n t  bus.' 

' 

A s i l v e r  w i r e  u s e d  a s  a t h i r d  idling e l e c t r o d e  is p laced  in  the  
E a c h  e l e c t r o d e  is 1 in. x 4 in. S ince  t h e r e  a r e  t y o  

F i g u r e  1 shows oniy (i 
I 4 

/ 

one  of t he  two working ca thodes .  

-4 cutaway pe r spec t ive  of t h e  unit  is shown in Fig .  2. 
connec ted  toge the r  a t  t h e  p l enum but  a l s o  have a c o r r u g a t e d  n icke l  s c r e e n  welded 
between them to y ie ld  a s t r o n g e r  s t r u c t u r e ,  p rovide  b e t t e r  d i s t r ibu t ion  of the  g a s e s ,  
and to s e r v e  a s  a s e c o n d a r y  e l ec t rode .  In t h e  e x p e r i m e n t s  d e s c r i b e d  h e r e  magnes i a  
p a r t i c l e s  a r e  used  t o  f o r m  t h e  e l ec t ro ly t e  s l u r r y .  When the  unit is a s s e m b l e d ,  d r y  
M g O  of s e l ec t ed  p a r t i c l e  s i z e  (depending on the  e l e c t r o d e  s t r u c t u r e )  is p laced  between7 
the  work ing  ca thodes  a n d  anodes .  , A mix tu re ' o f  50 m o l  70 L i 2 C 0 3  and  50 m o l  70 
NaZC03  i s  p r e p a r e d ,  f u s e d ,  b r o k e n  into p i eces  about 2 t o  1 0 - m e s h ,  and p laced  in  the 
e l e c t r o l y t e  r e s e r v o i r  cup .  
ope ra t ing  t e m p e r a t u r e .  
c a p i l l a r y  ac t ion  up  t h e  MgO-fi l led a lumina  f eed  tubes  and into t h e  MgO p a r t i c l e s  
between the  working anodes  and  ca thodes .  
the  addi t iona l  e l ec t ro ly t e  i n  t h e  r e s e r v o i r  c u p  m e r e l y  r e m a i n s  t h e r e  until  i t  is needed 
to r e p l a c e  any  e l ec t ro ly t e  w h i c h  m a y  evapora t e  f r o m  the s l u r r y .  
unit  p e r m i t s  v e r y  e a s y  and r ap id  addi t ion  of e l ec t ro ly t e  t o  the  unit when  i t  is ope ra t ed  
cont inuous ly  f o r  ex tended  t i m e  in t e rva l s .  

T h e  p r i m a r y  anodes  a r e  not only 
J 

T h e  e n t i r e  a s s e m b l y  i s  p l aced  in a f u r n a c e  and r a i s e d  to 
At about  5OO0C the e l ec t ro ly t e  begins  to m e l t  and i s  drawn by 

Once the  e l ec t ro ly t e  h a s  sa tu ra t ed  the  LIgo,  

T h i s  f ea tu re  of the 
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E x p e r i m e n t a l  

f l  The  following d i scuss ion  wi l l  pe r t a in  t o  the  p e r f o r m a n c e  of s e v e r a l  of the  1 x 2 units 
i n  which the  s t r u c t u r e  of t he  e l e c t r o d e s  w a s  changed. 

I suppl ies  w e r e  held cons tan t .  The  fue l  g a s  supply  w a s  a s imula t ed  n a t u r a l  g a s  (CH4) 
r e f o r m a t e  cons is t ing  of approx ima te ly  8070 w e t  H2 and  2070 C 0 2 .  
wl th  the  s imula ted  n a t u r a l  g a s  r e f o r m a t e  h a s  shown tha t  t h i s  m i x t u r e  is w a t e r - g a s  
sh i f ted  in  the  s t ee l  plumbing to a n e a r l y  equ i l ib r ium (>90%)  m i x t u r e  of H2 ,  HZO, 
CO2, and CO a t  t he  ope ra t ing  t e m p e r a t u r e  of t h e  ce l l .  
the  f u r n a c e  c h a m b e r  w a s  80% a i r  and 2070 C 0 2 .  

In t h e s e  e x p e r i m e n t s  the  gas  

P r e v i o u s  expe r i ence  

The  ca thode  g a s  suppl ied  to 

The  c e l l s  w e r e u n d e r  s o m e  load f o r  m o r e  than  9570 of t h e , r e p o r t e d  ope ra t ing  life. 
Opera t ion  of a l l  the  c e l l s  d e s c r i b e d  w a s  voluntar i ly  t e r m i n a t e d  f o r  pos tope ra t ive  
examinat ion  while the c e l l s  w e r e  s t i l l  pe r fo rming  a t  a n  accep tab le  l eve l  (>20 wat t s / f t2 ) .  

T h e  da ta  p re sen ted  h e r e  w e r e  obtained from cur ren t -vo l t age  (E-I) c u r v e s  r e c o r d e d  
daily except  f o r  s o m e  of the  week  ends .  T h e s e  t r a c e s  w e r e  obta ined  f r o m  the  working 
ca thode  1 ;e rsus  the  working anode and f r o m  the  anode  and ca thode  individually v e r s u s  

\, ,the t h i r d  idling e l ec t rode .  The  l a t t e r  c u r v e s  w e r e  r e c o r d e d  to  d e t e r m i n e  to ta l  po lar i -  
zation of t:he individual e l ec t rodes .  
Variplott .er  o r  a Var i an  F80 X - Y  r e c o r d e r .  

T r a c e s  w e r e  obtained us ing  e i t h e r  an E A 1  1110 . 

C u r r e n t  i n t e r rup t ion  s tud ie s  s i m i l a r  to those  p rev ious ly  r epor t ed '  ' 
n1atri.s c e l l s  w e r e  pe r fo rmed .  T h e s e  s tud ie s  continued to show tha t  the to ta l  po la r i -  
zation i s  composed of two componen t s ,  ohmic  and  concen t r a t ion  polar iza t ion .  These  \ i n t e r r u p t e r  s tud ies  a l so  ve r i f i ed  the  1000 cyc le  r e s i s t a n c e  m e a s u r e m e n t s  of the  total 

f o r  s i n t e r e d  

I i n t e rna l  ce l l  r e s i s t a n c e  and d e t e r m i n e d  the  ind iv idua l  anode and  ca thode  ohmic  r e -  
s i s t ances .  

B P c r f o r m a n c e  and polar iza t ion  da ta  a s  a function of ope ra t ing  t i m e  w e r e  p re sen ted  to a 
7040 c o m p u t e r  to d e t e r m i n e  the  b e s t  l e a s t  m e a n  s q u a r e  s t r a i g h t  l i ne ,  t h e  s t a n d a r d  
e r r o r  of the  da ta  poin ts ,  and the  s t anda rd  e r r o r  of t he  s lope  of the  l e a s t  m e a n s  squa re  
l ine.  The ce l l  da ta  t r e a t e d  in th i s  m a n n e r  inc lude  power dens i ty  i n  w a t t s / f t 2  a t  a 
iixed t e r m i n a l  voltage,  open c i r c u i t  vo l tage ,  t o t a l  anode  po la r i za t ion ,  and  to ta l  cathode 

4 

' ' 
'\ polar iza t ion .  

! 

Tota l  anode  and ca thode  polar iza t ion  a r e  def ined  a s  t h e  d i f f e rence  
\ bet\veen the  potential  v e r s u s  the  t h i r d  idling e l e c t r o d e  a t  open  c i r c u i t  vo l tage  and  tha t ,  
"t the  given c u r r e n t  dens i ty .  T h e s e  da t a  a r e  d i s c u s s e d  in  de t a i l  i n  the  following sec t ion .  

D i scuss ion  of Resu l t s  

F i g u r e  3 shows t \vo  power v e r s u s  h o u r s  of ope ra t ion  c u r v e s  f o r  1 x 2 unit  #47-47. 
Th i s  ce l l  w a s  ope ra t ed  a t  6OO0C f o r  1100 h o u r s  be fo re  i t s  ope ra t ion  w a s  t e rmina ted  
voluntar j ly .  
plated 1 2 0 - m e s h  s t a in l e s s  :steel ca thodes .  A secondary  ca thode  of t he  s a m e  s i l v e r -  
plzited m a t e r i a l  w a s  a l s o  used  on  the cathode. ( T h i s  s econdary  ca thode  c a n  be s e e n  
on  t h e  ca thodc i  in Fig.  10 . )  T h e  MgO w a s  s i z e d  s o  that  i t  could be  conta ined  i n  the 
ic rcen . - ,  (7  120-mcsh) .  
sc.ntati\.e of a l l  of the points. The  solid l i n e s  a r e  the  b e s t  l e a s t  m e a n  s q u a r e  l i ne  at  
the t \ v o  ce l l  t e r m i n a l  vo l tages  of  0. 5 .and 0. 7 volt  respec t ive ly .  
indi';ites th,c s t anda rd  deviation of the points f r o m  the  l ine.  
0. j \.olt' >bows a sl ight i n c r e a s e  in  p o w e r  and tha t  a t  0. 7 volt  exhib i t s  a sl ight de -  
~ . : - ~ i s ; e  ~n pov'cr ;is a function of h o u r s  of ope ra t ion ;  ne i the r  obse rva t ion  is  s ta t i s t ica l ly  
,;ipniiic.;,nt. 

1 
' 
i\ 

It conta ins  1 2 0 - m e s h  N i  s c r e e n  p r i m a r y  and secondary  anodes  and  s i l v e r -  

\ 
\ 
18 
''\ 

The  data points shown w e r e  se l ec t ed  r andomly  and  a r e  r e p r e -  

T h e  dashed  l i ne  
Although t h e  l ine a t  

\ 

' 
' 

'I, T;,bl( .  I t h c  end of th i s  sec t ion) .  S i m i l a r  t r e a t m e n t s  of t he  open c i r c u i t  vo l tage ,  
Thc- c r r o r s  in both s lopes  a r e  g r e a t e r  than the  s lopes  t h e m s e l v e s  ( see  

1 
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anode  and  cathode po la r i za t ion  a t  c u r r e n t  d e n s i t i e s  u p  t o  75 m n / c m 2  also exhibit  
no s igni f icant  s lopes .  

F r o m  t h e s e  data i t  i s  conc luded  tha t  within t h e  l i m i t s  of reproducib i l i ty  of c e l l  pe r -  
f o r m a n c e  f r o m  day to day  t h e r e  w a s  e s sen t i a l ly  n o  .change i n  per ior r r iance  f o r  1100 
h o u r s  of opera t ion .  

Ce l l  #47-53 w a s  a n o t h e r  1 x 2 unit  o p e r a t e d  a t  60OoC. 
m a d e  by s in te r ing  p r e s i e v e d ,  highly ac t ive  n i cke l  p a r t i c l e s  onto 1 20 -mesh  n icke l  
s c r e e n .  
s i n t e r e d  p res i eved  s i l v e r  p a r t i c l e s  o n  1 2 0 - m e s h  s i lve r -p l a t ed  s t a i n l e s s  s t e e l  s c reen .  
T h e  MgO w a s  s i zed  to  be conta ined  b y  t h e  e l e c t r o d e s .  F i g u r e  4 i l l u s t r a t e s  the power 
a t  0. 5 volt  a s  a function of h o u r s  of opera t ion .  C e l l  ope ra t ion  w a s  voluntarily t e r m i -  
na t ed  a f t e r  828 hours .  
tw ice  tha t  of the  p reced ing  unit .  P o w e r  dens i ty  r e m a i n e d  42  to 48 wa t t s / f t2  f o r  m o r e  
than  400 h o u r s  of cont inuous  opera t ion .  
400 h o u r s  of opera t ion  and  cont inued  to about 500 h o u r s ,  when i t  l eve led  out f o r  the 
next 200 h o u r s  be fo re  r e s u m i n g  a s l o w e r  r a t e  of dec l ine  unt i l  ope ra t ion  w a s  volun- 
t a r i l y  t e rmina ted .  

F i g u r e  5 i l l u s t r a t e s  t he  e f f ec t s  o n  t h e  open c i r c u i t  vo l tage  and the  to ta l  po lar iza t ion  
of both the ,anode  and  ca thode  at 75 m a / c r n 2 .  
c a u s e  of dec l ine  i n  power output  of t he  ce l l  w a s  i n c r e a s e d  po la r i za t ion  of the cathode. 

I t  conta ined  p r i m a r y  anodes 
. 

The  ca thode  cons i s t ed  of No  secondary  e l e c t r o d e s  w e r e  used  i n  t h i s  unit. 

Not ice  tha t  t he  in i t ia l  power  dens i ty  of 50 w a t t s / f t Z  i s  about 

The  dec l ine  in  p e r f o r m a n c e  s t a r t e d  j u s t  a f t e r  

According to t h e s e  da t a ,  t he  m a j o r  

T h e r e  w a s  e s sen t i a l ly -no  change  in  the  open c i r c u i t  vo l tage  du r ing  the  entire opera t ion .  
However ,  po lar iza t ion  on  both e l e c t r o d e s  did i n c r e a s e .  
exhib i t s  a d i s t inc t  i n c r e a s e  i n  po la r i za t ion  s t a r t i n g  j u s t  a f t e r  400 h o u r s  and continuing 
to 'about 500 hours .  
a t  bes t  i t  exhib i ted 'a  s l igh t  d e c r e a s e  in polar iza t ion .  However ,  t h e  net r e s u l t  was  a ' 

d e c r e a s e  i n  power output. 

Pos t0pera t ix .e  
undergone additional s i n t e r i n g  s o m e t i m e  dur ing  t h e i r  ope ra t ing  life wi th  a n  accompany- 

Again notice tha t  the  cathode 

I: 
i T h e  anode  a t  t he  s a m e  t i m e  r e m a i n e d  a t  w o r s t  unchanged, and 

exainination of t h i s  c e l l  showed tha t  t h e  s i n t e r e d  s i l v e r  ca thodes  had 

ing d e c r e a s e  in s u r f a c e  a r e a .  
p a r t i c l e s  actually m e l t e d  in  s p o t s .  
tha t  a r e l a y  on the f u r n a c e  t e m p e r a t u r e  c o n t r o l l e r  s tuck ,  caus ing  overhea t ing  so that 
the  e l e c t r o d e  continued t o  s i n t e r .  
n i cke l  anodes ,  but t h e s e  e l e c t r o d e s  r e t a ined  m o s t  of t h e i r  o r ig ina l  porosity.  

T h e  e l ec t rode  a p p e a r e d  to b e  comple te ly  c losed  and the  
Li t t le  o r  no po ros i ty  r ema ined .  I t  is poss ib le  

S o m e  addi t iona l  s in t e r ing  w a s  a l s o  obse rved  on the 

F i g u r e  6 i l l u s t r a t e s  the  p o w e r  a t  0. 5 volt v e r s u s - h o u r s  of ope ra t ion  for c e l l  #47-140. 
Th i s  ce l l  contained 1 2 0 - m e s h  n i cke l  s c r e e n  p r i m a r y  anodes  and  5 0 - m e s h  n icke l  
s c r e e n  secondary anodes .  T h e  ca thodes  w e r e  s i l ve r -p l a t ed  1 2 0 - m e s h  s t a i n l e s s  s tee l  
z c r e e n s .  T h e  plating w a s  h e a v i e r  t han  tha t  u s e d  i n  c e l l  #47-47. 

2 
F r o m  100 to 500 h o u r s  of o p e r a t i o n  power output w a s  a t  a l eve l  of 35 to 40 w a t t s / f t  . 
Then  it i t a r t e d  to dec l ine ,  r each ing  22 w a t t s / f t 2  a t  1100 hours .  T h e  c e l l  w a s  t e r m i -  
na ted  \ oluntar i ly  a f t e r  11 17 h o u r s  of opera t ion .  

The  l e a s t  m e a n  s q u a r e  r e s u l t s  a r e  p re sen ted  i n  F ig .  7 and Tab le  I f o r  open c i r cu i t  
voltage and polar iza t ion  at 5 0  m a / c m 2  f o r  both anode and  ca thode  a s  a function of 
h o u r s  of opera t ion .  T h e  o r d e r  of cont r ibu t ion  t o  the  dec l ine  in power output of th i s  
unit a r e  open c i r cu i t  vo l tage  ..* ca thode  po la r i za t ion ,  . * anode  polar iza t ion .  Anode 
polarizati ,on,  however,  w a s  h ighe r  f r o m  the  s t a r t  than is usua l ly  obse rved .  T h i s  i s  
a t t r i bu ted  to the  u s e  of t h e  5 0 - m e s h  nickel s c r e e n  secondary  e l ec t rode .  
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Examinat ion of t he  e l e c t r o d e s  a f t e r  t e rmina t ion  showed tha t  t he  p r i m a r y  anode w a s  
flooded wi th  e l ec t ro ly t e  and  had undergone apprec iab le  oxidation. T,his oxidation i s  
cons ide red  the c a u s e  f o r  t he  d e c r e a s e d  open  c i r c u i t  vo l tage ,  but is  d i f f icu l t  t o  s ay  
wh ich  p r o c e s s  o c c u r r e d  f i r s t .  P r e v i o u s  e x p e r i e n c e  wi th  n icke l  anodes ,  however,  h a s  
shown tha t  nickel tends  .not t o  we t  e a s i l y  whi le  n i cke l  oxide does .  
l o s s  of ac t ive  ( fo r  the  fue l  c e l l  r eac t ion )  a r e a  m a y  also account  for t h e  i n c r e a s e  i n  
anode  polar iza t ion .  

T h e  accompanying 

S e v e r a l  t i m e s  dur ing  t h e  ope ra t ing  l ife of th i s  c e l l  a small f i r e  w a s  o b s e r v e d  on  one  
of t h e  ca thodes .  Although the  
f i r e  did not c a u s e  the c e l l  t o  fa i l ,  i t  did r e m o v e  t h e  s i l v e r  plating in  i t s  vicinity.  T h e  
r cd i s t r ibu t ion  of s i l v e r  r e su l t ed  in  a l o s s  of ac t ive  ca thode  s u r f a c e  a r e a ,  which could 
e a s i l y  account  f o r  the  i n c r e a s e  i n  ca thode  polar iza t ion .  Pos tope ra t ive  examinat ion  
of t h e s e  e l e c t r o d e s  conf i rmed  the  s i l v e r  r ed i s t r ibu t ion .  In many  p l a c e s  the  s t a in l e s s  
s t e e l  s c r e e n  w a s  exposed to  the  e lec t ro ly te .  

T h i s  f i r e  w a s  t h e  r e s u l t  of fuel r.eaching the  cathode. 

S i l \ . e r  mig ra t ion  o n  the  e l e c t r o d e s  and solubili ty in  the  e l ec t ro ly t e  c a n  b e  s e r i o u s  
p rob lems  in  any m o l t e n  ca rbona te  fuel ce l l .  
t h e r m a l  and concent ra t ion  g rad ien t s  along the  e l ec t rode .  T h e s e  g r a d i e n t s  c a n  be  
min imizcd  by good hea t  managemen t  and g a s  d is t r ibu t ion .  The  so lubi l i ty  a s p e c t s  
a r c  a l i t t l e  m o r e  compl ica ted .  
e l e c t r o d e  than the  amount  r e q u i r e d  f o r  good ca thodes .  Second, a n d  more impor t an t ,  
the  solubili ty of s i l v e r  c a n  l ead  t o  dendr i t e  fo rma t ion ,  wh ich  c a n  c a u s e  an e l ec t ron ic  
s h o r t  and subsequent  f a i l u r e  of t he  ce l l .  
h a s  a n  ad\.antage o v e r  t he  o t h e r  fixed m a t r i x  s y s t e m s .  3 j  

a mechan ica l  suppor t  f o r  the s i l v e r  dendr i t e s  th rough the  e l ec t ro ly t e .  
s)-stem provides  l i t t l e ,  i f  any, mechan ica l  suppor t  f o r  such  dendr i t e s ;  consequent ly ,  
i t  h a s  cons iderably  l e s s  tendency to form s h o r t s .  
2 0 0  c e l l s  containing s l u r r i e d  e l ec t ro ly t e  r evea led  no f a i l u r e s  b e c a u s e  of any  type of 
e l ec t ron ic  shor t ing .  
c e l l s .  

Mig ra t ion  c a n  be r e t a r d e d  by prevent ing  

F i r s t ,  m o r e  s i l v e r  m u s t  be  p r e s e n t  in i t ia l ly  o n  the 

In th i s  r e s p e c t  t he  s l u r r y - e l e c t r o l y t e  s y s t e m  
F i x e d  m a t r i x  ce l l s  p rovide  

T h e  s l u r r y  

Rel iab i l i ty  t e s t ing  of m o r e  than  

T h i s  w a s  not t he  c a s e  in  p rev ious  expe r i ence  w i t h  fixed m a t r i x  

Cel l  =33-1 \vas v e r y  s i m i l a r  t o  #47-140, but both secondary  and p r i m a r y  anodes 
\ \ e r e  cons t ruc t ed  of 1 2 0 - m e s h  n icke l  s c r e e n .  
0.  5 \.olt and the anode  and  ca thode  polar iza t ion  a s  a function of h0ur.s of opera t ion .  
T h r  open  c i r cu i t  voltage w a s  cons t an t  dur ing  th i s  per iod  of ope ra t ion .  
i o r  the power output a r e  shown. 
power output with t ime ;  however ,  th i s  s lope  is not s ign i f icant  ( s e e  T a b l e  I). 
c e l l  o p e r a t e d  a t  a n  a v e r a g e  power dens i ty  of 36-37 wa t t s / f t2 .  .It should  b e  noted that 
both anode  and ca thode  polar iza t ion  d e c r e a s e d  wi th  t i m e  and tha t . t hese  s lopes  a r e  
s ign i i ican t  ( s e e  Tab le  I ) .  However ,  when t h e i r  va r i a t ions  a r e  added t o  t h e  o the r  c e l l  
\ . a r i ab le s ,  no significant s lope  f o r  power output is obtained. 

F i g u r e  8 p r e s e n t s  t he  power  output a t  

All da t a  points 

The  
The  l e a s t  m e a n  s q u a r e  l ine  exhib i t s  a n  i n c r e a s e  in 

.4t 582 h o u r s  of ope ra t ion  additional e l ec t ro ly t e  w a s  added to  the  r e s e r v o i r  cup. 
powcr dec l ined  in  3 h o u r s  f r o m  4 2 .  5 w a t t s / f t 2  to 34. 5 wa t t s / f t2 .  
hour s  of ope ra t ion  it had dec l ined  f u r t h e r  to 31. 0 and  29. 8 wa t t s / f t2 .  At t he  s a m e  
t i m e  the polar iza t ion  a t  75 m a / c m 2  f o r  t he  ca thode  s t a r t e d  to  d e c r e a s e ,  whi le  that 
of the  anode inc reased .  T h e s e  obse rva t ions  m a y  b e  explained on  the  b a s i s  that  the 
additional e l ec t ro ly t e  i n c r e a s e d  the  wetting a t  both e l ec t rodes .  
c;+thode the  o r ig ina l  wetting w a s  l e s s  than op t imum,  whi le  a t  the anode i t  w a s  m o r e  
than opt imum. 

T h e  
At  602 and 625 

In the  c a s e  of the 
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+his-  c e l l  w a s  .allowed.to o p e r a t e  f o r  a total  of 2000 h o u r s  before  i t  was :voluntar i ly  
t e rmina ted .  Power  output  r e m a i n e d  above  24 w a t t s / f t  f o r  the e n t i r e  2000 !ours. . 

T h e s e  da t a  a l l  point t o  the  compos i t ion  and s t r u c t u r e  of the cathode as  the weakes t  
point in the p r e s e n t  c e l l  s t r u c t u r e  and s y s t e m .  
a t  app rec i ab ly  reducing o r  o v e r c o m i n g  t h i s  l imitat ion.  . Figure '  9 r e p r e s e n t s  a '  s t e p  ' ' 

toward  i n c r e a s e d  power p e r f o r m a n c e .  'A t  0 .60  volt  t h i s  'cel l  was  .producing 60 'wat ts l f t2 .  
At m a x i m u m  power i t s  output approached  70 w a t t s / f t 2 .  The total  anode polar izat ion '  
w a s  110 m i l l i v o l t s ~ a t  100"amps / f t2 .  whi le  the ca thode  po la r i za t ion  w a s  260 mil l ivol ts  
a t  t h e  s a m e  c u r r e n t  aens i ty .  
and the  m o r e  p romis ing  a r e a  for fu tu re  r e s e a r c h .  

Resea r , ch  on  new e l e c t r o d e s  i s  continuing. 
s t ruc t ion  i s  re la t ively new, a n d  a t  t h i s  wr i t ing  the  inves t iga t ions  a r - e . s t i l l ' o n  the lower 
por t ion  df the learn ing  c u r v e .  
a sus t a ined  stea'dy p e r f o r m a n c e  of 15 to 20 wa t t s l f t '  t o  3 5 t o  40 w a t t s / f t 2 .  
diff icul t , to  p ro jec t  what . the  power  output of s i m i l a r  c e l l s  w i l l  be in the future .  

Mul t ice l l  Unit 

A view of a 3 x 2. unit  is shown in  Fig.  10. 
i t  i s  thr-ee .1 x 2 units connec ted  e l ec t r i ca l ly  in s e r i e s .  
2 x 2 uni ts  'have been o p e r a t e d  on a m i x t u r e  of H2 , -  C 0 2 ,  and N 2  which s imula t e s  
p a r t i a l  oxidation of J P - 4 .  9 s  l o  The  C 0 2  supply f o r  the cathode is obtained by ,com-  
busting the .fuel gas effluent f r o m  the anodes  i n  t h e ' f u r n a c e  chamber .  
had in t e rmi t t en t .power  output i n  the  40 t o  60 w a t t s / f t 2  r ange  .for s h o r t  t i m e  i n t e r v a l s  ., 
(6  to 2 4  h o u r s ) ,  and 20 to  40 w a t t s / f t 2  for hundreds  of hour s  of opera t ion .  
ca thodes  employed in  t h e s e  un i t s  r e s e m b l e  those  used  i n  c e l l  #47-47. 

F i g u r e  11 is a view of a 6 x 6 uni t  cons is t ing  of t h r e e  p a r a l l e l  combina t ions  of two 
3 x 2 uni ts  in s e r i e s .  
Power  output has  been  a s  h igh  a s  33 w a t t s  a t  3.. 0 volt  and  has rema ined  between.25 
and 30 wa t t s  f o r  longer  than  500 hour s  o f -ope ra t ion .  

2 

. .  . .  
C u r r e n t  exp lo ra to ry  work  i s  a i m e d  

E v e n  in th i s  c e l l  t he  cathode p r e s e n t s  , .  the g r e a t e r  problem 

The  s lu ' r ry -e l ec t ro ly t e  c e l l  des ign  and  con- 

In l i t t l e  ove r  e ight  mon ths ,  p r o g r e s s  has  been  m a d e  fr'om 
It 1s 

. .  

T h i s  unit c o n s i s t s  of 6 cells.. Essen t i a l ly ,  
T h e s e  units and, s o m e  s i m i l a r  

These  units have 

The  

T h i s  uni t  conta ins  one s q u a r e  foot e a c h  of anode and ca thode .  

Conclusion 

F u e l  c e l l s  employing a m a g n e s i a  a lka l i  ca rbona te  s l u r r y  a s  the e l ec t ro ly t e  have been 
successfu l ly  ope ra t ed  f o r  ex tended  t i m e  i n t e r v a l s .  
than 2000 h o u r s  has  been  ach ieved .  Power  output i n  s m a l l  uni ts  opera t ing  on a s imu-  
l a t ed  n a t u r a l  gas r e f o r m a t e  fue l  h a s  been  ma in ta ined  a t  35 to  40 w a t t s / f t 2  f o r  longer  
than 1000 hour s .  Mul t ice l l  un i t s  have been  ope ra t ed  on a s imula t ed  fuel r e p r e s e n t a -  
t ive of pa r t i a l  oxidation of J P - 4  a t  n e a r l y  the s a m e  l eve l .  

Continuous ope ra t ion  f o r  m o r e  

New e lec t rode  composi t ions  and  s t r u c t u r e s  i n  t he  ini t ia l ,  r e s e a r c h  s t age  at t h i s  t i m e  
a r e  yielding power d e n s i t i e s  equiva len t  to 60 to  70 w a t t s / f t 2 .  

T h e r e  a p p e a r s  to be no fundamenta l  r e a s o n  why s l u r r i e d  mol t en  ca rbona te  fuel ce l l  
s y s t e m s  should not ach ieve  s ignif icant ly  h igher  power dens i t i e s  and longe r  opera t ing  
p e r i o d s  than those r e p o r t e d  h e r e .  
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T A B L E  I 

C o m p u t e r  Resu l t s  

L e a s t  M e a n  S q u a r e  F i t  of Da ta  P r e s e n t e d  in 
F i g u r e s  3-8 

: Std. E r r o r  of Std. E r r o r  of 
t Slope I n t e r c e p t  Slope Obse rva t ion  

wa t t s / f t2 /1000  h r s  w a t t s / f t 2  watts/ftL/lOOO h r s  wa t t s / f t2  ; 
. Dependent  or o r  o r  o r  

Unit Number  

. Var iab le"  v o l t s  / 10 00 h r  s vo l t s  vol ts /1000 h r s  volts 

#47 - 47 
P o w e r  0 .7  v -0 .7  17. 2 1 . 0  1 . 1  
P o w e r  0 . 5  v 1 . 5  25. 8 1 . 5  1 . 7  : 

#47-53  
P o w e r  0 . 5 ~  
Open c i r c u i t  vol tage 
Anode - pola r izat ion 

Cathode-polar izat ion 

2 

2 

75 m a / c m  

75 m a / c m  

#47-140 
P o w e r  0 . 5 ~  
Open c i r c u i t  vol tage 
Anode-polarization 

Ca thode -po la r i za t ion  
50 r n a / c m 2  

50 m a / c m 2  

- 3 4 . 6  
- 0 . 0 3  

.o. 12  

0 . 2 2  

-19 .6  
- 0 . 0 9  

0.06 

0. 07 

1 . 0  

52 
0. 92 

0. 1 5  

0. 05 

44 
1 . 0 1  

0. 1 6  

0. 1 3  

3.7 3.0 
0.01 0.009 

0. 03  0.02 
I 

0. 0 9  0. 07 i 

2.9 3 .0  
0 . 0 2  0 .02  . 

0 .02  0 .02  

5 
0 .01  1 0. 0 l 5  

i 

3.1 4. 8 
P33-1 

P o w e r  0 . 5 v  
, Anode-polar izat ion 

- 0 . 0 4  0.  17 0 . 0 2  0 .03  75 m a / c m  

75 m a / c m '  -0 .05  0. 30 0 .04  0 .05  
! 

2 

Cathode-polar izat ion 

I + H o u r s  of ope ra t ion  is the  independent  v a r i a b l e .  
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Fig. 

, 
0 

3 

1. -VIEW OF 1 x 2 UNIT SHOWING ONE WOFKUTG CATHODE, 
IDLING ELECTRODE, AND THE FLECTROLYTE RESERVOIR. 

THE 

ELECTROD FUEL 
PLENUM 

I 

Fig. 2 . - A  CUT AWAY PERSPECTIVE OF A 1 x 2 UNIT. 
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ANODE GAS:  WET H2 - 80% CATHODE GAS: A I R  - 80% 
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H O U R S  OF O P E R A T I O N  
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The Semi-Industriel Fuel Cel l  Element o f  t h e  Gaz de France 

A. Salvadori 

Center N o .  1 of t h e  D.E.T.N. of 
Experimental and Research 

Gaz de France 

INTRODUCTION 

The s tudies  undertaken by t h e  labora tor ies  of  Gaz de 
Frmce  i n  t h e  f i e l d  of energy conversion have been car r ied  out 
f o r  almost f o u r  gears  i n  order  t o  trensfomn d i r e c t l y  i n t o  
e l e c t r i c e l  energy i n  e LZlel c e l l  t h e  f r e e  energy of gases 
current ly  manufactured o r  d i s t r i b u t e d  by t h i s  na t iona l  service.  

Massive quant i t ies ,  r e l a t i v e l y  low pr ices  and ease of 
t ransport  of these  r a w  materials encourage research towards 
perfect ing i n d u s t r i a l  devices t h a t  would be simple, rugged, and 
inexpensive, but  capable o f  yielding s i g n i f i c a n t  power. Relatively 
i n e r t  f u e l s  a r e  t h e  usable gases:  both n a t u r a l  gas e i t h e r  
unreacted o r  c a t a l y t i c a l l y  steam reformed, and gas obtained by 
p a r t i a l  oxidation of gas and l i q u i d  hydrocarbons, nevertheless 
contain, although i n  s m a l l  quantity,  some impuri t ies  which seem 
t o  prohibi t ,  t o  our knowledge, t h e  use of s u f f i c i e n t l y  act ive,  
but  sens i t ive  c a t a l y s t s  which would allow f'unctioning at 
moderate temperatures and i n  an aqueous environment. Under these 
conditions,  it becomes necessary t o  counterbalance t h e  c a t a l y t i c  
e f f e c t  by an increase i n  tanperature  and hence t o  operate  i n  t h e  
precence of e l e c t r o l y t e s  made of molten salts .  
aake the best  use of t h e  notable advantages offered by the high 
tempera tues  providing t h e  condition t h a t  t h e  technological 
d i f f i c u l t i e s  and t h e  r e s u l t i n g  corrosion problems can be solved. 

The unavoidable heat re lease,  provoked by any type of 
3mct ioni rg  c e l l ,  i s  a l l  t h e  more inteiaesting t o  recover when t h e  
temperature of t h e  system i s  high and when t h e  dimensions of t h e  
imbtery a?e s i g n i f i c a n t .  The f u e l  c e l l  then becomes a means of 
base pioeuc Lion o f  e l e c t r i c a l  current  which i s  loca ted  upstream 
i n  a complex. 
energy release6 by t h e  c e l l .  

1. 

pr inc ip le  of an indust:-iel generator can be defined i n  a general 
sense m d  thus serve as a constant object ive towards which a l l  
- invest igat ions mst  be oriented. 

It seems b e t t e r  t o  

The o ther  devices of t h i s  complex can use t h e  thermal 

PRINCIPLES O F  OPERtTION FOR AN INDUSTRIAL GENERATOR 

Keepin: these  consideretions i n  mind, t h e  operating 

The p o t e n t i a l  at t h e  terminals  of an elementary c e l l  a r e  
~ W J .  For an i n s t a l l a t 5 o n  t o  be of i n d u s t r i a l  i n t e r e s t  it i s  
necess%r:r t o  group, i n  a u n i t  well adapted t o  isothermal operation, 
t h e  g r e e t e s t  possLble number of elements. However, as  these warn 
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each other ,  they must be spaced i n  the  most 
the’  regulat ing f l u i d  ensures as homogeneous 
D O s S i b l e  i n  a l l  D a r t s  of t h e  enclosure; fo? 

judicious vay so t h a t  
a temperature as  
obvious i’easons a i r  

;sed as an oxidant can be used f o r  this ro le .  

Two simple geometric forms may b e  considered a p r i o r i  f o r  
t h e  b a s i c  c e l l s :  t h e  plane and t h e  cylinder.  We have de l ibera te ly  
set our choice on t h e  l a t t e r  for t h e  following reasons: the thermal 
regula t ion  of an  assembly of bundles o f  the exchanger type i s  
i n d u s t r i a l l y  w e l l  known; the p r a c t i c a l  construct ion of f la t  and 
t h i n  electrodes of l a r g e  area presents  more d i f f i c u l t i e s  than t h a t  
of tubes; t h e  high temperature construct ion i n  the shape of a f i l t e r  
press  c rea tes  important sea l ing  problems and prevents any p o s s i b i l i t y  
o f  replacing an element without a complete s top  i n  the f’unctioning 
of  the bat tery;  the phenomena of d i f f i s i o n  o r  creepage of the 
e l e c t r o l y t e  a t  t h e  j o i n t s  or in any nonactive p a r t  o f  the c e l l  may 
be e a s i l y  eliminated i n  tubes by cooling o f  t h e  involved extremity, 
a t  a temperature s l i g h t l y  below t h a t  o f  the m e l t i n g  point of t h e  
f’used salts; the  r e a c t i n g  gas supply i s  g r e a t l y  s implif ied where 
a l l  t h e  c e l l s  have a n  electrode of the same s i g n  i n  a unique 
enclosure containing the corresponding gas; t h e  mechanical 
s t r e n g t h  o f  a tube made by successive layers  of the anode, of the 
e l e c t r o l y t e  and o f  the cathode, i s  better than  that of a plane 
sur face  made under i d e n t i c a l  conditions.  

The cons t ruc t ion  of a c y l i n d r i c a l  c e l l  b a t t e r y  i s  
advantageously made through a hor izonta l  d i s p o s i t i o n  of t h e  
elements ins ide  a heated paral le lepiped shaped container o f  which 
two opposite s i d e s  form supports and t o  which a r e  f ixed t h e  ends 
of the c e l l s  bearing the d i f f e r e n t  gas  d i s t r i b u t i o n  systems and 
the  current  c o l l e c t o r s .  I n  order  t o  determine orders  of magnitude, 
t h e  thickness of such an  i n s t a l l a t i o n  would be c lose  t o  one meter, 
and i t s  length and height  would be a f e w  meters. An unlimited 
number of c e l l s  may be used by placing them side by side separated 
by a passage l a r g e  enough t o  conduct e l e c t r i c  current  of 
s u b s t a n t i a l  s i z e .  

Figure 1 shows the sketch of an i n d u s t r i a l  u n i t  w h i c h  
would f’unction according t o  the above mentioned operating pr inciples .  

2 .  DESCRIPTION OF THE SINGLE CELL 

The conception of an element must s a t i s f y  the technological 
comtraints which have been enumerated and give an  answer t o  the 
economic problems t h a t  the d e v e l o p e n t  of a new technology can create.  

2 .1  Choice of Materials 

The m a t e r i a l s  w i t h  which the electrodes a re  made are 
genera l ly  expensive and rare, and it i s  necessary t o  use  them i n  
a small quant i ty  and t o  bui ld  them by simple methods re ly ing  on 
i n d u s t r i a l  techniques tha t  assure  reproducible f a b r i c a t i o n  of 
severa l  tens of thousand u n i t s .  The three phase contact problem, 
aseous (tb reac t ing  f l u i d s ) ,  l i q u i d  ( the  e l e c t r o l y t e )  and so l id  7 t h e  e lec t rodes) ,  has i n  t h e  beginning of  our work brought us t o  

follow t h e  method used very general ly  a t  t h e  t h e ,  which consis ts  
of using porous metals and looking for their  best operating conditions- 
Because, on the  one hand, of t h e  disadvantages that w e  have observed 



- 2 2 7 -  

i n  t h e  u t i l i z a t i o n  o f  a r e l a t i v e l y  th ick  layer ,  t h e  accumulation 
i n  t h e  pores e i t h e r  of products of combustion o r  ni t rogen from t h e  
air, and on the o ther  hand of t h e  knowledge o f  t h e  good difi’usion a t  
h ieh  temperature of gases through c e r t a i n  metals, we t r i e d  the use of 
these  metals i n  t h i n  compact sheets .  

The d i f fus ion  o f  hydrogen through palladium and platinum 
i s  ~t phenomenon which has been known f o r  a long time; f’urther t h e  
systematic s tud ies  t h a t  w e  have made i n  t h i s  f i e l d  have shown t h a t  
the  oxidant made o f  a i r  t o  which carbon dioxide has been added passes 
s u f f i c i e n t l y  rapidly through t h i n  s i l v e r  sheets  t o  give r e s u l t s  a t  
l e a s t  as good as wiih the porous substances. 

2.11 The Anode 

I n  s p i t e  of above mentioned advantages, t h e  u t i l i z a t i o n  
of palladium i n  a sheet cannot be considered for economical reasons, 
because it prohib i t s  t h e  use of any o ther  f u e l  gas than hydrogen. 
For these  reasons, t h e  anode i n  our c e l l s  i s  always a graphi te  
cyl inder  very l i g h t 1  
(c lose  t o  0.1 mg/crn29. 

Graphite has numerous advantages : good e l e c t r o n i c  
conductance, very low expansion coef f ic ien t ,  r e l a t i v e l y  good 
mechanical strepgth and easy construction. Furthermore, i n  t h e  
reducing environment i n  which it i s  s i tua ted ,  it has never shown 
s igns  of de te r iora t ion .  

covered on t h e  surface with palladium 

2 . 1 2  The Cathode 

t h e  only m e t a l  usable as a cathode. But used as i s  and without 
preliminary precaution, i n  t h e  presence of molten carbonates, 
it i s  subject t o  permanent corrosion. A systematic study has 
broL,ght t o  l i g h t  three pr inc ipa l  aspects  o f  t h e  s i l v e r  corrosion 
t h a t  can be summarized i n  the  following manner; one o f  machanical 
ne ture  due t o  a degradation of t h e  s t r u c t u r e  and which favors  g r a i n  
formation; another of a chemical nature  which can be defined by a 
l imi ted  d i s s o l u t i o n  i n  t h e  e lec t ro ly te ;  f i n a l l y  t h e  t h i r d  of an 
eiectrochemical nature making some s i l v e r  p r e c i p i t a t e s  appear i n  
the e l e c t r o l y t e ,  which, because of ,convection cur ren ts  and var iable  
p o t e n t i a l  l i n e s  i n  t h e  Punctioning c e l l s ,  can se t t le  at d i f f e r e n t  
points  betveen t h e  two electrodes.  

combinin5 i.rith re f rac tory  oxides either i n  the e l e c t r o l y t e  ba th  
o r  i n  t h e  cathode i t s e l f ,  have lead us t o  use a f i l m  of these  oxides 
i n  order  t o  mater ia l ize  the idea of protect ing t h e  s i l v e r  surface.  

Ylame s p r e y i G  and oYl”ers all t h e  q u a l i t i e s  of  a sheet. 

S i l v e r  cons t i tu tes  at t h e  present s t a t e  of  our knowledge, 

However, our observations on the  i n h i b i t i n g  r o l e  o f  

The f i h  i t s e l f  i s  made i n  a t h i n  l a y e r  ( 0 . 1  mm) by 

2 .  l3 The Elec t ro ly te  

Onlp e l e c t r o l y t e s  made of molten salts  are usable.  
k c o x  t h e  d i f f e r e n t  possible  solut ions,  carbonates i n  a mixture 
judiciousl:T chosen i n  r e l a t i o n  t o  the temperature have been employed 
f o r  C O 2  as one o f  t h e  reect ion products and i t s  presence i s  favorable 
i n  p a r t i c u l a r  t o  t h e i r  thermal s t a b i l i t y .  
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2 . 2  Bnployment of Materials 

f a c i l i t y  of assembling, good mechanical res i s tance ,  small q u a n t i t i e s  of 
mater ia ls ,  easy i n d u s t r i a l  operation, w e  have s tudied i n  t h e  most 
comprehensive way t h e  b e s t  method of construct ion based on t h e  
following pr inc ip les  : 

2.21 The Active Substance o f  t h e  Cell  (Fig.  2 )  

A l a y e r  o f  re f rac tory  oxide, preferably of magnesia or s t a b i l i z e d  

t h i n  layer ,  jus t  t h i c k  enough t o  assure  a good e l e c t r i c  insu la t ion  
contains  t h e  carbonates and thus serves as a support f o r  t h e  
e l e c t r o l y t e .  A s i lver -based  t h i n  f i l m  (0 .1  t o  0 . 2  mm) which 
c o n s t i t u t e s  t h e  cathode i s  then  deposited on t h e  assembly. This 
m e t a l l i c  f i l m  i s  t o o  t h i n  t o  insure  by i t s e l f  a s u f f i c i e n t  means 
f o r  current  removal and t h i s  i s  achieved by a s i l v e r  wire f ixed along 
the e lec t rode  which can be joined i n  a ba t te ry ,  t o  a cent ra l  
conduct o r  . 
2.22 The Top of t h e  C e l l  (Figure 3 )  

a b r a s s  piece which contains:  an axial nozzle t h a t  penetrates  t o  
t h e  bottom of t he  mode, i t s  role i s  t o  feed fie1 t o  the c e l l  and 
t o  c o l l e c t  t h e  anodic current ;  a r a d i a l  nozzle through which 
the  excess f i e 1  t h a t  has not reacted c a r r i e s  away t h e  products of 
t h e  r e a c t i o n  water vapor and carbon dioxide. 

This p a r t  of t h e  c e l l ,  i s  connected t o  the w a l l  o f  t h e  
e x t e r i o r  enclosure and i s  maintained a t  a lower temperature than  
t h a t  of  t h e  melting poin t  of carbonates; they s o l i d i f y  and t h e  
creepage phenomena t h a t  would provoke t h e i r  disappearance i s  
prevented. 

To s a t i s f y  the conditions preceedingly developed: compactness, 

On t h e  anode g r a p h i t e  finger palladium i s  deposited.  

’ alumina i s  deposited on t h e  anode by flame spraying. This very 

The open extremity o f  t h e  graphi te  f i n g e r  i s  f ixed  i n  

3 .  CONSTRUCTION OF A LABORATORY BATTERY USING SEMI-INDUSTRIAL ELEMENTS 

The experimentation w i t h  s i n g l e  c e l l s  of various dimensions 
and method of cons t ruc t ion  proceeds in d i f f e r e n t  d i rec t ions  w i t h  two 
goals;  f i r s t  t o  increase  e l e c t r i c a l  performances, and second t o  
prolong t h e i r  l i f e .  

dimensions which are a l ready  s u b s t a n t i a l  and t h e  b a t t e r y  t h a t  we have 
m d e  could e a s i l  be b u i l t  on a l a r g e r  scale. But current  d e n s i t i e s  

not permit such an extrapolat ion.  

The present  conception of t h e  c e l l s  would allow a u n i t  o f  

of t h e  order  of x 0 mA/cm2 a t  600 mV, and l imited longevi t ies ,  do 
I 

However, t h e  necess i ty  t o  come out with a development of 
gas  c e l l s  as quickly as possible  has lead  us t o  d e a l  with problems 
crea ted  by the  grouping of severa l  elements. 
t h e  following enumeration mentions only t h e  p r i n c i p a l  ones: 

The l a t t e r  are many and 

1. Regulation of  t h e  unit temperature 

2. Ef fec t ive  c o l l e c t i o n  of t h e  current  



- 2 2 9 -  

3. Evacuation and recuperation of the reac t ion  products. 

4.  

5. Current Efficiency 

0 .  

7. Analysis of r e s u l t s  and evaluat ion o f  t r u e  e f f ic iency  

l a r g e  laboratory proportions already using some elements at t h e  
semi- industr ia l  sca le ,  has been undertaken i n  p a r a l l e l  w i t h  research 
on s i n g l e  c e l l s .  

Controlled feeding of oxidant and fuel 

S t a r t i n g  and stopping of the  b a t t e r i e s  

-4ccordingly t h e  study and construct ion of a u n i t  of 

3.1 Description of t h e  I n s t a l l a t i o n  

3.1, Choice o f  the Number of Elements 

general ly  adopted for t h e  bundles of tubes,  we have chosen 7 elements 
of which one i s  c e n t r a l l y  located.  It i s  necessary t o  place them i n  
an oven chat w i l l  insure  t h e i r  heat ing a t  t h e  start  and t o  
compensate For Ileac l o s s e s  while i n  operation. 

3.12 The Oven (Figures 4 and 5 )  

seven elements and can be placed under an oxidant pressure of a few 
ten ths  of  a bar.  It contains three superposed res i s tances ,  the  
w i r i n g  and regula t ion  of which are independent, t h e  l i d  of  t h e  oven 
i s  f ixed and supports t h e  tubular  c e l l s ;  the  oven can be lowered t o  
give access t o  t h e  electrodes.  The lower par t  can a l s o  be taken 
apar t  and e a s i l y  repaired i n  the case of e l e c t r o l y t e  leakage; it i s  
provided, w i t h  devices that secure t he  posi t ioning and support of 
t h e  cathodes. This oven i s  a l s o  provided w i t h  a u x i l i a r i e s  that  
include: 

I n  order  t o  correspond t o  t h e  hexagonal d i s p o s i t i o n  

It permits heating t o  1000°C the volume containing the 

1. An e leva tor  assembly made of a platform capable o f  moving 
v e r t i c a l l y  which supports t h e  oven. 

2.  A l i f t i n g  crane for t h e  block of c e l l s .  

3. The regulat ion of t h e  independent e l e c t r i c a l  connections t o  the 

3.13 A-uxilieries Insuring the Functioning of t h e  Bat tery 

three  heat zones. 

F i r s t  l e t  us  mention t h e  i n l e t  and o u t l e t  c i r c u i t s  of  the 
reac tan ts  Irhich present a c e r t a i n  complexity s ince they must insure 
constant floim, pressures  and mixtures ( c a s e  of t h e  carbonated 
oxidanc) . Furthermore, t h e  products of t h e  reac t ion  a r e  col lected 
and sccounted for .  

The problem r e s u l t i n g  from t h e  u t i l i z a t i o n  of a current  
produced et  several  t e n s  of amperes under some hundreds of m i l l i v o l t s  
has been solved through the use of a r o t a t i n g  device. 

The oven i s  surrounded by a platform o f  dimensions large 
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enough t o  allow the  technic ians  t o  work d i r e c t l y  on the  tops  of 
the  c e l l s :  a l l  t he  con t ro l l i ng  and measuripg instruments are 
grouped a t  t h i s  l eve l .  

Figure 6 shows a general  view of the  system, it shows: 

1. I n  the  foreground t h e  platform. 

2. A t  t h e  l e f t ,  t h e  oven. 

' 3 .  A t  t he  right the  instruments for measwing, cont ro l l ing  and fue l  
supply assembled on the  same board. 

3 .  l4 Measuring Instruments 

flow meters, t h e  water produced i s  re ta ined  by co l l ec to r s  followed 
by weighings: t h e  carbon dioxide i s  sampled by a mass spectrometer 
(F ig .  7 ) .  

The o v e r a l l  e l e c t r i c a l  c h a r a c t e r i s t i c s  of t h e  b a t t e r y  and 
those o f  each single c e l l  a r e  recorded continuously i n  order  t o  
obta in  t h e  most information from each experiment. 

The gas r e a c t a n t s  a r e  supplied v i a  c l a s s i c a l  laboratory 

To account for r e s u l t s  and t o  ca l cu la t e  the  e l e c t r i c a l  
and electrochemical performances o f  t he  i n s t a l l a t i o n ,  s u i t a b l e  
meters are employed. Let u s  add t h a t  these measurements a re  
completed by tak ing  temperature at numerous poin ts  i n  the i n s t a l l a t i o n  
and in s ide  each c e l l .  
3.2 Experimental Resul t s  / 

The assembling of  the complete i n s t a l l a t i o n  has  j u s t  been 
completed but i t s  a u x i l l i a r y  apparatus for production of reformed 
gas  t h a t  i s  intended for use w i t h  it, i s  not yet  functioning. 
This  i n s t a l l a t i o n  has  been i n  operat ion for too short  a time t o  

f 'urther substant ia ted.  A s  an example we sha l l  give the r e s u l t s  obtained / 
during t h e  f i r s t  experiment w i t h  a s e t  of 7 c e l l s  made under iden t i ca l  
but not optimum i n d u s t r i a l  condi t ions.  

3.21 Charac t e r i s t i c s  of a Single  Cell 

make i t  possible  t o  publ i sh  d e f i n i t e  r e s u l t s  t h a t  ought t o  be I 

1 
T o t a l  Active Weight, m/ cm2 I 
Length, Mam., Surface, Refractory 

mm mm cm Cathode Anode Electrolyte Oxide 

800 18 220 0.130 graphite 0.048 0.170 / 

- J  
0.55 

0.002 
palladium 

I 

3.22 Operating condTtions i 

Oxidant a i r  + Cog ( 3 0 % ) ;  flow, 300 l /h  under 150 m bars. 
The flow of a i r  i s  r e l a t i v e l y  important due t o  the  oversized 
dimensions of the  oven. 
under 130 m bars. 
recycled a f t e r  use.  Temperature of operation: 600Oc. 

Fuel i n d u s t r i a l  hydrogen flow, 50 l /h  
f I n  t h i s  experiment the hydrogen i s  not 
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3 . 2 3  Pr inc ipa l  r e s u l t s  obtained 

This  experiment was p a r t i c u l a r l y  aimed a t  determining t h e  
e f f ic iency  of series and p a r a l l e l  assemblies and i n  both cases the  
current  p o t e n t i a l  curves shown on Figures 8 and 9. 

The performances obtained w i t h  these c e l l s  made under 
poor conditions and f o r  a r e l a t i v e l y  low t e s t  temperature a re  modest: 
20A a t  0.5v, which corresponds t o  a maximum power o f  l o w .  

The durat ion of the experiment which was l imi ted  to 
approximately t e n  hours cannot be taken i n t o  consideration. 

This experiment has shown, however, tha t  the  whole 
i n s t a l l a t i o n  can s a t i s f y  a l l  t h e  technological  ob jec t ives  t h a t  
we  had defined. Furthermore, it w i l l  be possible  t o  have 
twenty c e l l s  operate within the same dimensions and t h e  same 
connections and the usable  surface of each one of t h e  c e l l s  
may be f 'urther increased. 

4. CONCLUSIOITS 

dimensions which we have reached could, from the technological 
point of view, lead i n  t h e  f i t u r e ,  without major d i f f i c u l t y ,  
t o  the  construct ion of a p i l o t  u n i t .  Numerous problems f o r  
assembling and handling of mter ia ls  were solved. They permit t he  
construct ion of a b a t t e r y  which o f f e r s  the p o s s i b i l i t y  of studying 
t h e  behavior of c e l l s  fabr ica ted  under var ious condi t im. ,  
following operat ing methods ap t  t o  be used i n  industry.  

the causes of corrosion (some s i lver  cathodes preserved through 
combination with a coat of r e f r a c t o r y  oxide have shown no 
detectable  sign of corrosion after operat ing f o r  a f e w  hundred 
hours). 
we consider, the  construct ion of c e l l s  whose l i f e t i m e  exceeds a 
year.  

obtained from single c e l l s  are i n s u f f i c i e n t  t o  make a powerfbl 
generator operate under advantageous condi t ions and compete with 
standard methods of power generation. We do not bel ieve t h a t  t h i s  
problem i s  impossible t o  solve i n  a reasonable period of  time 
because it i s  d i f f i c u l t  t o  imagine performance of high temperature 
c e l l s  being i n f e r i o r  t o  those of  cold c e l l s .  

On t h e  other  hand the  l i f e t i m e  of gas c e l l s  which depends 
i n  p a r t i c u l a r ,  on many phenomena of corrosion, on t h e  modification 
and the  change wi th  t i m e  of t h e  proper t ies  of mater ia l s  a t  
various temperature, w i l l  r equi re  important e f f o r t s  i f  the  research 
i s  t o  be brought t o  the proper value. 

The conception of an elementary c e l l  of semi- industr ia l  

Important progress  has been made t o  considerably reduce 

It i s  now necessary t o  ensure an i n d u s t r i a l  appl icat ion t h a t  

The current  d e n s i t i e s  of some t e n s  MA/cm2 t h a t  we 

For t h i s  purpose, Gaz de I;"ranc'e i s  working i n  col laborat ion 
w i t h  special ized labora tor ies  a t  u n i v e r s i t i e s  or i n  industry and 
p a r t i c u l a r l y  u i t h  the  Compagnie Generale d '  E l e c t r i c i t d .  Gaz de 
_France has obtained a research contract  as a r e s u l t  of ac t ion  of the 
committee f o r  conversion of  energy which i s  p a r t  of the General 
Delegation f o r  Technical and S c i e n t i f i c  Research. 
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Figure 1 

Indust r ia l  scale  plant 
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,Figure 2: Main Section of a Single  Cell 
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rfikGie 3 : Seven-Element Battery, TOP view 
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Figure 5 : Seven-Element Battery, Bottom View 
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Figure 7: Recovery of the Reaction Products 
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EIXCTRODE FEWTIOMS OF CO AND CO2 IN MOLTEN CARBONATES 
Nina Borucka 

Canbridge University, Cambridge, England 

ABSTRACT 

Experiments have been made on the electrochemical 

reactions of CO/CO2 gas mixtures at gold electrodes in molten 

ternary eutectic of lithium, sodium and potassium carbonates at 

temperatures up to 900°C. At zero applied current, the electrode 

potential depends on the partial pressures of CO and 0 2  according 

to the Nernst equation for the reaction: CO + COS--= t ?Cog + 2e-. 
Anodic current/potential relationships have been studied up to 

polarizations of 500 mV; similar measurements in the cathodic 

range have been made within the limits set by the Boudouard reaction. 

\ 

$ ' 
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- 2 4 2 -  

blOLTEP1 CARBONATE FITE;L CELL WITH WATER INJECTION 

J. Millet R.  Buvet 

Direct ion Des Etudes E t  Recherches 
De L ' E l e c t r i c i t e  de France 

17 Avenue de l a  Liberation 
Clamar t ,  Seine, France 

! 1. INTRODUCTION 

( 

[ 

Since the end of the  19 th  century, using the chemical 
c;iidaLion energy of fl-issil f u e l s  has been considered i n  order t o  
proclucs e l e c t r i c a l  energy d i r e c t l y  from f u e l  c e l l s .  

e spec ia l ly  a carbon containing gas has lead engineers t o  be in t e re s t ed  
for a long time i n  molten carbonates as an e lec t ro ly te .  
Tiorks of Osttrald (1) then those of Baur ( 2 )  and his eo-workers were I 

concerned rrith c e l l s  using gases which contain hydrogen and carbon I 

moiloxide. 

The f a c t  that a c e l l  i s  more e a s i l y  supplied wi th  a gas 

The first 

Davtyan ( 3 )  then Broers and Ketelaar ( 4 )  recommended a 

Salvadori  (8) have a l s o  recommended the use of molten carbonates 
i n  f u e l  c e l l s .  

las t  feu years, e spec ia l ly  by Broers, i n  the performance of molten 
carbonate c e l l s  by adding carbon dioxide t o  oxygen feed. 

molten e l e c t r o l y t e  f ixed  i n  a porous s o l i d  matrix. Gorin (5) ,  
J u s t i  (6 )  and more recenkly many others such as H a r t  (7 )  and d 

f 

An important improvement has been brought forward these 

2. USE OF ATif l3iXCTROUTE BUFFER 

Several goals of OUT research group have been aimed a t  
7mderstanding the mechanism of  exchange i n  the molten carbonates 
and the functioning of oxygen and hydrogen electrodes.  

The carbonate solvent  i s  e n t i r e l y  dissociated i n t o  the  
anion C03'- and cat ions and t h e  anion Cos2 i s  f u r t h e r  dissociated i' according to  the t qtlilibrium : 

I 
c032- C02 + 02- [11 

The system C032-/C02 can thus be considered an acid-base 
syszen assording t o  Lux ( 9 )  and Flood and Fcrland (10) wi th  exchange 
of  the 0 ions.  
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To the equilibrium [11 there  corresponds an equilibyium . 
The sol-ubili ty of C02 i n  carbonates has been measured 

c o r s ~ a n t  K = CO2- Pco2 that Dubois (11) has found equal t o  10 

I n  these formulas the  pressures are expressed i n  atmospheres 

A more recent  work of Busson and Palons (12) on the 

and the concentrations of so lu t ions  i n  molar i t ies .  

po ten t i a l  a t  zero current  of the  oxygen e lec t rode  i n  t h e  carbonates 
has ma6e i t  possible  t o  e s t a b l i s h  with precis ion the  constant of 
equilibrium t o  be K = 6. 

@I2-, the  negative logarithm of t h e  concentration o f  ions 02'. 

carbonates produces some O2 ions.  

p 

\ 
A so lu t ion  of molten carbonates can be defined by the  

The funct ion of the oxygen electrode i n  the  molten 

)i O2 + 4e z! 2 02- 

I n  t h e  v i c i n i t y  of t he  oxygen electrode,  t h e  concentration 
of  0'- ions increases  and t h i s  increase,  inasmuch as i t  i s  not  

wNch can be ca l l ed  a c i d i t y  polar izat ion.  

t he  production of O2 
the  solvent ,  which as the e f f e c t  of maintaining the p 0 2  
value. This i s  a buf'fer e f f e c t .  T h i s  e f f e c t  may be v isua l ized  
thrcugh FIG. 1. The diagram represents  po ten t i a l s  of the oxygen 
and hydrogen e lec t rodes  as a functioaTof p 0 ~  . 
AC arld BD are p a r a l l e l  and of slope 
current  i s  the  thermodynamic c e l l  
If the  hydrcgen e lec t rode  operates at p 0 2  = 0 and the  oxygen 

the  cverpc ten t ia l  of a c i d i t y  polar iza t ion  i s  AE-A 600~. 
overpc ten t ia l  i s  a t  the  m a x i m u m  of approximately 83 mV x 6 = 500 mV. 

The Po2-, of the  e l e c t r o l y t e  of t he  c e l l  can a l s o  vary 
a t  the f u e l  e lec t rode  through a contribc.tion of CO2 or  o f  o ther  
products or where the  pressure of C 0 2  i n  t h e  atmosphere rises 
abcve the  e l ec t ro ly t e .  

rrhich operates i n  a l l  circumstances, t o  maintain the  pO" of the 
e l e c t r c l y t e  constant on a l l  par t s '  o f  'the c e l l .  

! ccwter-balanced by d i f fus ion ,  produces a polar iza t ion  of  t he  c e l l  

To br ing  CQ2 t o  t he  oxygen electrode, i s  t o  counter-balance 
through the  contr ibut ion of t he  ac id  par t  of 

a t  a high 

The s t r a i g h t  l i n e s  \, ' 
( 

The poten t ia l  a t  zero 
p b t e n t i a l  equal t o  AB and CD. 

\ electroue at p0' 6, the po ten t i a l  of  the c e l l  i s  reduced t o  E 3  and 
This 

It i s  thus very important, i n  order  t o  obtain a c e l l  
?\ 

> 
,\ 
I 

/ 
'\ 
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Through assoc ia t ion  with the phenomena observed i n  
aquecus sol,utions, ue shall use weak ac id  systems r e l a t i v e  t o  
the  solvent .  

The o r t h o s i l i c a t e  me tas i l i ca t e  system f i t s  very well:  
ZSi o ~ ~ -  = 2si 03 2- + 02- 

The same app l i e s  t o  o ther  s a l t s  exchanging t h e  02- 

Our research has brought us t o  a much more simple and  

io;!. 

i n d u s t r i a l l y  p ro f i t ab le  system. It i s  the  water system. 

3 .  WATER I N  MOLTEN CARBONATES 

Water has t h e  proper t ies  of a weak ac id  i n  molten carbonates. 

The proper t ies  of water may be summarized by t h e  two 
equilibrium react ions : 

20H- + COz Hz0 + cos2- c3 1 
20H- Hz0 + 0'- C4 3 
The constants  Kgl&nc! KB a r e  arranged t o  correspond 

respec t ive ly  t o  these equi  ibria according t o  the  r e l a t i o n s :  

C ' - = K  'C02 ' OH A 
'HzO 

'HzO '0'- = KB 
5 H -  

c5 3 

c6 1 

These r e l a t i o n s  imply that t h e  chemical po ten t i a l  of t he  

COH- << ccog- [7 1 
I n  an ac id  environment, t he  pressure of COe determines 

the  equilibrium po ten t i a l ,  K being the equilibrium constant 111. 

so lvent  i s  constant,  that i s  

C8 1 
I n  t h e  presence of a water system, the  po ten t i a l  of the  

oxygen electrode i s  given by t h e  r e l a t i o n :  

/ 

f 
I' 

b' 

i 

, i  
I 

I 

, 

1 
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By varing the OH- concentration and the  partial pressures 
of iiater and oxygen i n  the-atmosphere i n  equilibrium wi th  the molten 
carbonates, ire have shown that p KB i s  c l o s e . t o  5. We conclude t h a t  
p KA = p K - p\KB = 1 . 5  (by taking the reference s t a t e s  of gases a t  
a pressure of one atmosphere). 

hydrogen electrode.  On the oxygen e lec t rode  the  contr ibut ion of water 
vapor has the  e f f ec t  of maintaining the bas i c  e l e c t r o l y t e  a t  a 
determined p O2 (below 6 .2) .  

There i s  a ccnstant contr ibut ion of water vapor a t  the 

4. APPLICATION TO FUEX CELLS 

The propert ies  of  a water systen: i n  carbonates have 
important consequences on the  functioning o f  c e l l s .  They allow a 
reduction of the a c i d i t y  polar izat ion as does the carbon dioxide 
fed  i i i t h  oxygen. 
use of carbon dioxide cons t i tu tes  a heavy burden from an i n d u s t r i a l  
point oT view whereas the use o f  water would be much easier and 
cheaper. 

fed on oxygen v i thout  any addi t ion,  w i t h  carbon dioxide and with 
iiater vapor, Ire were able t o  r ea l i ze  that  the  performances due t o  
the  addi t ion  of water are t h e  bes t  (Fig.  2 ) .  

of ~ i a t e r  vapor (po ten t i a l  of zero current  near  1 v o l t  i n s t ead  of 0.7 
v o l t )  but the  current  at the  same c e l l  po ten t i a l  i s  very superior  tc 
that cbtained i r i th  the use of GO2. T h i s  phenomenon seems t o  be 
comparable with the  increase of f lu idness  of molten carbonates i n  
the presecce of water. 

Final ly ,  the ac t ion  of water as a weak ac id  allows the  use 
of f u e l  gas containing carbon dioxide with an hydrogen electrode of 
porous mater ia l .  Indeed, l e t  us consider a c e l l  funct ioning with a 
water pressure of 0 .3  a t m ,  i n  an hydroxyl ion  environment. 

equilibrium. Consequently, any f u e l  gas containing a weaker carbon 
dioxLde2partial  pressure may be used without the r i s k  of modifying 
the p 0 cf the e l ec t ro ly t e .  

But as it was demonstrated by H a r t  (13): t he  

I n  comparing the  propert ies  of similar elements of a c e l l  

The polar iza t ion  i s  not only diminished by t h e  contr ibut ion 

Equation C51 gives 0.015 atrn as a value of p CO2 i n  

5. MAKLNG OF PROTOTYPES 

The preceding s tudies  have f i m t  lead t o  tests on elements 

We a r e  present ly  constructing severa l  prototypes of a power 

of c e l l s  cf a few watts. 

c l c se  t o  1 h r  iih?Lch vary i n  t h e i r  geometric conception ( v e r t i c a l  or 
hcr izonta l  e lectrodes)  but have the same electrochemical conception. 



Tne materials used a re  s t e e l  (25% Cr, 20% Ni) anc dense 
alumina for the containers,  th in  sheets of palladium (50 microns) , 

The prototypes w i l l  give r i s e  t o  a technico-economical 
s tudy  aimed a t  searching f o r  the place of this system i n  the 
i x i u s t r i a l  production o f  e l e c t r i c a l  energy. 
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Fig . 4. -WITICAL, ELECTRODE PROTOTYPE 

,,' 

i 



-251 - 

OPERATIONAL CHARACTERISTICS OF HIGH-TENPERATITRE 
rn cms 
B. S. Baker 

L. G. Marianowski 
J. Zimmer 
G. Pr ice  

I n s t i t u t e  of Gas Technology 
Chicago , I l l i n o i s  

INTRODUCTION 

High temperature f u e l  c e l l s  have not received as much 
a t t e n t i o n  i n  the United S ta t e s  as t h e i r  low temperature counterparts. 
A s  a result, from t h e  viewpoint of a t o t a l  system, t h e  high temperature 
fue l  c e l l  is  f a r  less developed. The reason f o r  t h i s  i s  simple. High 
temperature f u e l  c e l l s  are not as a t t r a c t i v e  for most m i l i t a r y  and 
space applications as low temperature f u e l  c e l l s .  

In  Europe, especial ly  i n  France, England, and Holland, a 
much l a r g e r  portion of fuel c e l l  development i s  d i rec ted  toward 
commercial applications.  The high temperature f u e l  c e l l  i s  being 
more extensively investigated because it has a much more a t t r a c t i v e  
economic potent ia l .  A t  the I n s t i t u t e  o f  G a s  Technology, i n t e r e s t  
i n  fuel c e l l s  i s  very d e f i n i t e l y  directed toward comercdal goals. 
Bnphasis on both high and low temperature f u e l  c e l l  research i s  
aimed at t h e  development of inexpensive systems. This paper on t h e  
High-Temperature Molten Carbonate Fuel Cell  reports  on work which 
has been i n  progress a t  I G T  since 1960. 
work already appear i n  the l i t e r a t u r e .  

c e l l  a r e  the  elimination of expensive electrode c a t a l y s t s  from 
t h e  system and t h e  a b i l i t y  t o  operate with a va r i e ty  of f'uels 
and unpurified air. 

Detai ls  of much of t h i s  

The p r inc ip l e  advantages o f  the high temperature fuel 

However, r a i s ing  the  t'emperature t o  a t y p i c a l  f igure of 
900°F o r  above-in a f u e l  c e l l  which employs a water e l e c t r o l y t e  
would require  a r e l a t i v e l y  high pressure system. This would be 
undesirable from both a technical  a s  w e l l  as an economic viewpoint. 

To avoid t h i s  d i f f i c u l t y ,  two solut ions are possible.  
The e l ec t ro ly t e  can be e i t h e r  1) a s a l t  t h a t  m e l t s  a t  a high 
temperature and which has a very low vapor pressure at this  high 
temperature, o r  2 )  an ion conducting so l id  used at s t i l l  higher 
temperature (about 2000'F). Operating a t  this l a t t e r  very high 
temperature requires t h e  use of noble metals f o r  s t a b i l i t y  r a t h e r  
than f o r  c a t a l y t i c  purposes. This w e  want t o  avoid. For this  
reason, t h e  f u e l  c e l l  work a t  IGT i s  focused on t h e  use of a 
molten salt e l e c t r o l y t e  operating i n  t h e  range of 900 t o  1300~~. 
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The IGT moltgn carbonate fuel c e l l  i s  patterned a f t e r  
t h e  concept o f  Broers. I n  t h i s  system, a eu tec t i c  mixture of 
two or t h ree  a l k a l i  metal carbonates i s  mixed with an i n e r t  
mater ia l  such as a m e t a l  oxide. This forms a ceramic t i le- l ike 
s t ruc tu re  a t  room temperatures which becomes a non-Newtonian 
f l u i d  o r  paste a t  t h e  operating temperature. 

I n  t h e  IGT system, t h e  paste e l ec t ro ly t e  i s  held between 
a s i l v e r  film cathode about 10  microns t h i c k  and a porous f i b e r  
nickel  anode. The cathode i s  supported by a s t a i n l e s s  s t e e l  gr id .  
A completa fuel  c e l l  element of th i s  type with an ac t ive  area of one 
square foot  is shown i n  Figure 1. These elements can be stacked 
i n  various ways t o  produce b a t t e r i e s  of any voltage desired. 

reformed natuilal gas which i s  prepared by steam reforming i n  
t h e  presence o f  commercially avai lable  ca t a lys t s .  

A t  t h e  present time, t h e  f u e l  for t h e  I G T  c e l l  i s  

PERFOFUUNCE CHARACTERISTICS 

Performance cha rac t e r i s t i c s  of  high temperature molten 
carbonate fuel c e l l s  are usual ly  i n f e r i o r  t o  those obtained i n  
low temperature systems. Since t h e  elevated temperature should 
improve reaction rate k ine t i c s ,  an explanation f o r  t h e  poorer 
performance must be sought i n  terms of e lectrade propert ies  and mass 
t r a n s f e r  processes. Low temperature f u e l  c e l l  e lectrodes can be 
prepared w i t h  very high real t o  geometric surface areas .  This may 
be achieved using high surface area carbons, nickels  and precious 
metal blacks. I n  t h e  high temperature c e l l s ,  such a c t i v e  surfaces 
are unstable. They tend t o  s i n t e r  t o  form r e l a t i v e l y  low surface 
a rea  electrodes.  

A second f a c t o r  a f f ec t ing  performance l e v e l s  i s  t h e  
nature of tk gas-liquid-solid in t e r f ace  a t  t h e  electrode. I n  
low temperature c e l l s ,  i t  has been possible t o  achieve a r e l a t ive ly  
e f f ec t ive  in t e r f ace  i n  terms of mass t r a n s f e r  properties,  f o r  
example, a t h i n  f i l m  o f  e l e c t r o l y t e  on t h e  bulk of t h e  electrode, 
using e i t h e r  a double porosi ty  e lectrode s t ructure ,  waterproofing, 
ion exchange membranes, or matrices. In  molten carbonate f u e l  c e l l s ,  
t he re  has always been evidence o f  macros-copic flooding on electrodes 
which have been i n  operat ion f o r  some t i m e  - e.g.  over several  
hundred hours. 

B r o e r s 7  and we a t  IGT' have observed evidence f o r  
diff 'usion control i n  t h e  l i q u i d  f i l m  f o r  t h i s  type cel l .  
measurements i n  terms of  f i lm  theory have not been possible because 
of lack of information on t h e  s o l u b i l i t y  of hydrogen, oxygen, 
carbon monoxide, carbon dioxide, and water vapor i n  carbonate 
m e l t s .  Nevertheless, more e f f ec t ive  use of e lectrode surface i s  
c l e a r l y  warranted. 

To see i f  improved i n t e r f a c i a l  cha rac t e r i s t i c s  could be 
achieved, experiments a t  IGT have been conducted with a var ie ty  of 
matrix materials with d i f f e r e n t  surface areas  and p a r t i c l e  sizes. 
The use of high su r face  area metal oxides has l ed  t o  t h e  developrent 
of c e l l s  which show no evidence of macroscopic flooding after 
prolonged operation. 
Of t h e  type shown i n  Figure 2. 
shown i n  t h i s  Figure for comparison. 

Quantitative 

They have yielded performance cha rac t e r i s t i c s  
E a r l i e r  perfomance l eve l s  a r e  a l so  

I 
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All t e s t s  at  IGTaare performed on hot pressed e l ec t ro ly t e  

To prevent extrusion of t h e  e l ec t ro ly t e  
discs .  Those d iscs  are prepared by pressing e l ec t ro ly t e  powders 
at 8000 lbs/ in2 and g5OoF. 
between sect ions of t he  d ies ,  aluminum discs  are inser ted  i n  the  
pressing uni t .  
d i f ference i n  coef f ic ien t  of thermal expansion between the  s t e e l  
and aluminum t o  insure a sea l  t i g h t e r  than that which could be 
achieved by mechanical tolerances alone. 
f o i l  i s  placed between tLe e l ec t ro ly t e  powders and t h e  aluminum 
t o  f a c i l l i t a t e  re lease  of  t he  e lec t ro ly te  d iscs  from the  d i e  assembly. 

electrodes shown i n  Figure 3 ,  have yielded polar iza t ion  charac te r i s t ics  
shown i n  Figure 4. Higher density electrodes,  such as 43 and 62 
percent nickel,  show a high l eve l  of po lar iza t ion  and t h e  appearance 
of l imi t ing  currents.  Electrodes having a densi ty  of 15, 20, and 
33 percent y i e ld  equivalent performance within experimental e r ror .  
These d a t a  were taken with c e l l s  having an electrode area of three 
square centimeters. Results have since been duplicated with c e l l s  
having surface areas of 32 square centimeters. Cell l i fe t imes  of I 

850 hours a t  t h e  indicated performance l e v e l  is t h e  bes t  achieved so 
far. These c e l l s  a r e  s t i l l  being tes ted.  From these r e su l t s ,  it 
appears t ha t  f 'urther optimization o f  e l ec t ro ly t e  and electrodes 
may yield even b e t t e r  performance leve ls ,  placing a whole new 
perspective on t h e  use o f  t h i s  type fue l  c e l l  system. 

The d i sc s  are designed t o  take advantage of the  

A t h i n  palladium-silver 

A s e r i e s  of experiments on d i f f e ren t  density f i b e r  nickel 

In  the  next sect ions the  impact of these new polar izat ion 
curves on heat t r ans fe r  and overal l  system ef f ic iency  w i l l  be 
outlined. 

HEAT TRANSFER 

Considering the  voltage cha rac t e r i s t i c  shown i n  Figure 2, 
i t  i s  apparent that the  maximum voltage-current performance i s  
desired.  The volume, weight, and cost  of t he  fue l  c e l l  system i s  
decreased. It i s  of i n t e r e s t ,  however, t o  examine the  engineering 
implications espec ia l ly  as t o  how heat t r ans fe r  i s  a f fec ted  by the  
d i f fe ren t  voltage-current charac te r i s t ics .  

t r ans fe r  problem i n  a fuel c e l l  bat tery.  Figure 5, i s  a 
simplified diagram of the  f'uel ce i l .  Heat t r ans fe r  i n  such a 
c e l l  depends mainly on such fac tors  as ba t t e ry  dimensions, the  
voltage-current charac te r i s t ic ,  the degree of fue l  and air  
conversion, and the  physical propert ies  of t he  mater ia ls  used t o  
construct t he  c e l l .  The complete problem i s  too broad t o  discuss 
here. However, i n  Figure 6 t he  temperature d i s t r i b u t i o n  within 
such a f u e l  c e l l  i s  shown for the  voltage-current cha rac t e r i s t i c s  
o f  Figure 2. I n  a l l  cases, t h e  operating c e l l  po ten t i a l  would be 
800 mfl l ivol t  s. 

A t  IGT, w e  have considered thesthree dimensional heat 

It can be seen t h a t  t he  maximum temperature r i s e  from the 
center  of the  ba t te ry  t o  the  assumed isothermal walls ( i n  the  case of 
the 1963 voltage-current cha rac t e r i s t i c )  i s  only about 7'F. However, 
when the  performance of t he  c e l l  i s  improved (Best 1965), the  
maximum temperature rise increases t o  about 4 8 O O F .  
course, the w a l l s  of the  f u e l  c e l l  would not be isothermal. 
one can deduce from the experimental data that the  l o w  performance f u e l  
c e l l  would require  the  addi t ion of heat t o  keep it at  operating 
temperature. 
f r o m  the system having the  high performance charac te r i s t ic .  

In  pract ice ,  of 
Nevertheless, 

On the  other  hand, it would be necessary t o  remove heat 

P 
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This has been p a r t l y  ver i f ied  by constructing the  32-cell 
stack o f  elements shown i n  Figure 7. The performance of t h i s  
b a t t e r y  was based on t h e  1963 charac te r i s t ic .  
necessary t o  add heat t o  the  system. 
cha rac t e r i s t i c s  suggests another poss ib i l i t y .  
reforming ca t a lys t s  near  t he  electrodes so tha t  waste heat from the  
fie1 c e l l  can be used t o  sus t a in  the  endothermic reforming reaction. 
A t  t h e  sane time, t h i s  would provide a means f o r  cooling the c e l l .  

Here t h e  e f fec t  of conversion on temperature d i s t r ibu t ion  i s  shown. 
In  t h e  d i r ec t ion  of a i r  flow (Z), it can be seen tha t  as the 
conversion of oxygen i s  increased, two things happen. The f i r s t  
e f f e c t  i s  a r i s e  i n  the maximum temperature i n  the ba t te ry .  This would 
be expected since l e s s  gas i s  ava i lab le  t o  remove heat.  The second 
e f f e c t  i s  somewhat l e s s  expected. The flow of gas through thb c e l l  
causes a temperature d i s t r i b u t i o n  i n  the  c e l l  tha t  i s  not sy-mnetrical. 
Physically, t h i s  s i t u a t i o n  can be in te rpre ted  as follows: A t  a 
high r a t e  of' gas flow, heat i s  being removed f rm the  sec t ion  of 
t h e  ba t t e ry  near t he  gas  i n l e t  and i s  being red is t r ibu ted  t o  t h e  
sec t ion  near the  o u t l e t .  In  the  case o f  a low r a t e  of gas flow, 
complete symmetry i n  the Z d i r ec t ion  can be expected. 

As expected, it w a s  

This i s  t o  incorporate 
The improved performance 

A fur ther  va r i a t ion  i n  c e l l  performance i s  seen i n  Figure 8. 

/ 
The purpose of these heat t r ans fe r  considerations was t o  

determine some fee l ing  for the s i ze  and shape o f  f u e l  c e l l s  which 

however, it permits assumptions on t h e  nature of heat inputs  i n  
the system. It a l s o  es tab l i shes  what t h e  overal l  e f f ic iency  of 
such a system might be. 

w i l l  be b u i l t  at IGT within the next few years. More important, 1 

0 

EFFICIEXVCY 

I n  the high temperature molten carbonate f u e l  c e l l ,  a 
typ ica l  operating vol tage that i s  compatable v i t h  the mater ia ls  
from which the c e l l  i s  b u i l t  i s  about 0.7 t o  0.8 vol t s .  From the 
previous discussion, w e  have seen that c e l l s  operating a t  t h i s  
voltage l eve l  can be thermally self-sustaining.  Thus, t he  overa l l  
e f f ic iency  of t h e  system depends on the  e f f ic ienc ies  o f  f u e l  and 
a i r  conversion, and the refcrming requirements. A i r  conversion i s  
espec ia l ly  important i n  high temperature f ie1 c e l l s  where the  heat 
content o f  t he  oxidant i s  subs tan t ia l .  In  Figure 9, the overa l l  
e f f ic iency  of an ex terna l  reformer-molten carbonate fue l  c e l l  i s  
shown as a function of  the ef f ic iency  of fuel and oxygen conversion. 
The oxidant i s  a i r .  

the  external  reformer w a s  60 percent e f f i c i e n t  and 2 )  t h a t  no gas-to-gas 
heat exchange i s  poss ib le  but heat exchange from gas-to-boiling 
l i q u i d  i s  feas ib le .  These assumptions are based on the need f o r  
unreasonably la rge  gas-to-gas heat exchangers espec ia l ly  f o r  low 
oxygen conversion. While such heat exchangers could be b u i l t ,  they 
would cost  more than t h e  f u e l  c e l l  i t s e l f .  However, from a p rac t i ca l  
viewpoint, s t e m  generation i s  more feas ib le ,  and heat recovery f o r  
t h i s  purpose has been assumed. 

It can be seen that at low oxygen conversion, t h e  overa l l  
eff ic iency i s  not g rea t ly  affected by the  eff ic iency of f i e 1  conversion. 
It does become more important as the ef f ic iency  of t he  oxygen 
conversion improves. The reason f o r  this i s  that when t h e  f u e l  
conversion i s  high, but t h e  oxygen conversion i s  low, it i s  
necessary t o  maintain a separate  fuel supply t o  preheat the  air. 
A t  low fuel conversion, the  air  can be preheated by burning 
spent f ie l .  
system without gas-to-gas heat exchange w i l l  probably be between 
35 and 39 percent. 

For purposes of t h i s  example, it was assumed tha t  1) 

The maximum ef f ic iency  f o r  the  external  reforming 

I 

' F  
I 

i 
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I n  Figure 10,  a s imilar  analysis  i s  made f o r  an i n t e r n a l  
r e f O m I ! . r x  system. In  t h i s  case, t h e  heat f o r  t he  ref'ormer i s  
supplied by the  polar izat ion and entropic heats from t h e  f i e 1  
c e l l .  Again, t h e  concept of gas-to-gas heat exchange f o r  preheating 

f o r  t h i s  system i s  somewhat higher as might be expected. A f i gu re  
of about 40-43 percent seems t o  be possible with present technology. 

Finally,  i t  should be noted t h a t  oxygen conversions higher 
than 60 percent may be possible i n  t h e  future.  
efficiency of t h e  ove ra l l  system w i l l  be .even higher. However, it 
is not l i k e l y  t o  be g r e a t e r  than 50 percent unless l o w  cost  

ECONOMICS 

' feeds has been assumed t o  be impractical. The overal l  eff ic iency 

In,such a case, the 

8 gas-to-gas heat exchangers can be developed. 
n 

The only r e a l  basis f o r  economic evaluation of f u e l  c e l l s  
a t  t h e  present time i s  t h e  cost of materials.  Lack o f  knowledge 
and/or experience with manufacturing components and systems 
prohibi ts  any more extensive analysis.  To a c e r t a i n  extent,  
storage ba t t e ry  hardware can serve as  a guide but t h i s  breaks 
6own when confronted with a new component l ike  the  paste  e l ec t ro ly t e  
i n  t he  high tempeidature f u e l  c e l l .  

of molten carbonate f u e l  c e l l s  and related these costs  t o  t h e  
performance of IGT c e l l s .  
again presented our performance data  i n  t h i s  fashion, (Fig.  11). Material 

\,costs a r e  e s sen t i a l ly  t h e  same a s  i n  the  earlier publication. 
\can be readi ly  seen that progress has been made which gives r i se  t o  

1 considerable optimism f o r  t h e  economics of th is  type me1 c e l l .  
: '&pica1 performance. cha rac t e r i s t i c s  indicate  t h a t  material cos t s  of 

11 about $45 per kilowatt  can be achieved and t h e  best  performance 
data reduces t h a t  f i gu re  t c  l e s s  than $20 per kilowatt .  

With respect t o  f u r t h e r  improvement, w e  might look t o  

$ 

! 
In  an ea r ly  publication3 w e  estimated t h e  material costs  

Applying a s imilar  method, w e  have once 

It 

\ 
1 

, h u s L ~ g  copper i n  place of  s i l v e r  a t  t h e  cathode and t o  reducing 

) c e l l .  
I carbonate fuel c e l l .  Only more intensive experimental work can 

the amount of s t a i n l e s s  steel  used f o r  t he  current co l l ec to r  i n  the 
Lifetime remains t h e  big f a c t o r  i n  t h e  case o f  t h e  molten 

'find a solut ion t o  t h i s  problem. 
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Fig. 1. -SINGiX ELEMENT OF IGT HIGH-TEMPFXATLJlB FlTEL CEXG BATTERY 
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Fig. 3 .  -CIFFZRErJT CENSITY FIBER NICKEL ELECTRODES USED I N  IGT MOLTEN 
CARBONATE FUEL CELL (12OX) 
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Fig. ,?. -EFFTCT OF POLARI%~-TION CHARACTERISTICS ON TEMPERATURF, 
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Fig. 7.  -IGT 32-CELL HIGH-TEMPERATURE BATTERY 
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Fic. q .  -F,FF" OF A I R  CONVERSION AT HIGH PERFORMANCE LFvELs ON 
TEMPERt.TURE PISTRIBUTION I N  PIRECTION O F  GAS FLOW 

HYDROGEN CONVERSION, % 

~ ? g .  2 .  -0IERCLL SYSTEPI EFFICIENCY A S  A FUNCTION OF FUEL AND OXTJPrJT 
ZC:?T=RSIO?T 7 rITH /IT EXTERNAL REFORMER 
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HYDROGEN CONVERSION, x 
Fig. 10.  -OVERALL SYSTEM EFFICIENCY AS A FUNCTION OF FUEL AND 

OXIDANT CONVERSION WITH AN INTERNAL REFORMER 
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CURRENT DENSITY, AMP60 F T  

Fig. 11. -ECONOMICS OF MATERIALS USEE I N  HIGH TEMPERATURF: MOLTEN 
CARBONATE FUEL CELLS 
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